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Temperature has a fundamental influence on the physiology, biology and ecology of all 
organisms, and varies over time and space. Organisms evolved different strategies to cope 
with this spatial and temporal thermal heterogeneity. For instance, organisms that inhabit 
thermally variable environments will function over a wider range of temperatures than 
organisms that live in relatively constant thermal environments. Reef-building corals 
including their algal symbionts generally live in warm, tropical environments close to their 
upper thermal maxima, however their performance at varying environmental temperatures 
remains poorly documented. The overarching aim of my thesis is to determine how temporal 
and spatial heterogeneity of the thermal environment influences coral and symbiont 
performance. Through a series of controlled thermal experiments in this thesis I quantify the 
rate of photosynthesis of reef-building corals and their algal symbionts (termed the holobiont) 
at various temperatures using coral colonies from different thermal environments and 
geographic regions. This study is the first to quantify and compare the thermal optima and 
performance breadth for holobiont and symbiont performance from different thermal 
environments using thermal performance curves and thereby providing new insights into the 
mechanisms underlying thermal acclimation 
Acclimation to environmental change takes time and does not necessarily result in full 
compensation of an organism’s performance. In Chapter 2 I identified the acclimation 
trajectory of massive Porites spp. for a set of host and symbiont physiological traits during 
exposure to heat (31 °C) and cold (21 °C) for 30 days. Cold acclimation took approximately 
two weeks and resulted in ‘no’ or ‘inverse’ compensation of the performance. In contrast, I 
found no evidence of heat acclimation holobiont and symbiont performance declined 
continuously instead of reaching a steady state. These results show that there is no rapid 
compensatory acclimation response when massive Porites spp. are exposed to a change in the 
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thermal environment, and that compensation of the performance is unlikely to occur in 
response to short-term variations in temperature. I then investigated the between-season 
variation in performance of two coral species with contrasting life-history strategies 
(Chapter 3). Acclimation to seasonal variation was species-specific, with an increase of the 
thermal optimum in summer for a fast-growing and thermally sensitive species (A. 
valenciennesi) and a change of the thermal breadth for a slow-growing and thermally tolerant 
species (Porites cylindrica). Additionally, the symbiont performance was less plastic than the 
holobiont performance indicating that the reversible acclimation mostly occurs through the 
coral host. 
Comparisons of thermal performance of coral species living in different thermal 
environments along a latitudinal gradient in the Great Barrier Reef (Chapter 4) demonstrated 
significant geographic variation in the thermal performance among populations. Acclimation 
of the thermal optimum to the local environment was more accurate for the symbiont 
performance than for the holobiont. In general, the thermal optimum for holobiont 
performance was ~4 – 6 °C below the environmental temperature, which may result from an 
inherent time lag in the mechanisms of acclimation, or from constraints imposed during early 
ontogeny (i.e., developmental acclimation).  
In Chapter 5 I assessed whether the thermal performance of temperate corals is less 
sensitive to changes in temperature than that of tropical corals due to their history of exposure 
to more variable thermal environments. To do this I compared the thermal performance of 
corals sampled along the GBR latitudinal gradient, with the thermal performance of corals 
from the Mediterranean Sea. Interestingly, despite clear differences in thermal optima, no 
observable differences occurred between the performance breadths of temperate versus 
tropical corals at either the holobiont or symbiont level. This result is likely because all of the 
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sampled coral species had a wide thermal tolerance, which fully encompassed the total local 
annual variation in temperature in each location.  
Overall, the results of this thesis demonstrate that reef-building corals may be more 
generalist than previously thought. However, a high degree of inter-colony variability in 
thermal performance was consistently observed for all of the sampled coral species, even 
between colonies from the same local population. These findings indicate that despite the 
mean thermal optima being consistently below the average environmental temperatures for 
all populations, some individual colonies maintain the capacity to perform well at very high 
and very low temperatures, which suggest that corals may cope with environmental 
variability through genetic variation rather than reversible plasticity. Hopefully, such high 
among-colony variation can contribute to the capacity of coral populations to persist in the 
face of rapid climate change. 
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Temperature has a fundamental influence on the physiology, biology and ecology of all 
organisms. In general, critical life-sustaining processes like metabolism, growth, fecundity 
and locomotion occur optimally within a specific temperature range (Angilletta 2009). For 
instance, metabolic rate is controlled by enzymatic reactions that increase their activity with 
increasing temperature, yet above an optimal temperature, the activity decreases rapidly and, 
at even higher temperatures, enzymes denature (Reece et al. 2011). The optimal temperature 
range for these life-sustaining processes is different among species, and among individuals 
within a species, and depends on the environmental conditions in which the species evolved, 
or the individual developed (for example, see Xiang et al. 1996, Mitchell & Lampert 2000, 
Karlsson & Van Dyck 2005). Consequently, most organisms live in areas with distinct 
climate conditions that enable them to thrive. 
 
The environmental temperature varies over space and time, and this variation exerts 
pressure on the behaviour, physiology and life history of organisms. For instance, following 
latitudinal gradients over which temperature changes substantially, species diversity is 
greatest in the tropics and lowest at the poles (Gaston 2000). In contrast, animal body sizes 
show the opposite pattern, with species that developed at lower temperatures generally being 
larger than related species that developed at higher temperatures (Blackburn et al. 1999, 
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Kingsolver & Huey 2008). In addition, the environmental temperature generally becomes 
more variable and unpredictable (both seasonally and diurnally) at higher latitudes (Janzen 
1967). An obvious example is the stronger seasonality of temperature in temperate compared 
with tropical regions, which can influence the timing of reproduction and development, and 
affect the behaviour and overall fitness of organisms. 
Variability in temperature does not affect all organisms equally, nor does a change in 
temperature affect an individual the same way at different times during its life cycle. This is 
because organisms have evolved different strategies to cope with the heterogeneity of their 
thermal environment. These strategies can be defined by two dimensions: the thermal 
sensitivity and the thermal regulation of an organism (Angilletta 2009). Thermal sensitivity is 
the degree to which the performance of an organism depends on temperature. Organisms with 
low thermal sensitivity are thermal generalists that function over a wide range of 
temperatures and often inhabit thermally variable environments (Levins 1968), such as 
marine species that live in the intertidal zone (Somero 2002). Organisms with high thermal 
sensitivity are thermal specialists that function only within a narrow range of temperatures 
and live in relatively constant environments (Levins 1968), such as many tropical birds and 
mammals (Janzen 1967). Thermal regulation is the degree to which an organism regulates its 
own temperature (Angilletta 2009). This ranges from organisms that do not regulate their 
own body temperature but conform to the environmental temperature, known as thermal 
conformers and including most aquatic invertebrates and amphibians, to organisms that 
strongly maintain their own body temperatures regardless of the fluctuations in the 
environment, known as thermal regulators1 such as mammals. Together, the thermal 
                                                 
1 Thermoregulation can be accomplished by two different ways: through metabolic heat production or 
external heat gain, which relates to the terms ‘endotherm’ and ‘ectotherm’. Endotherm animals generate heat 
through endogenous metabolic processes, whereas ectotherm animals absorb heat from external sources. 
However, an endotherm animal is not necessarily a thermal regulator, nor is an ectotherm animal per definition a 
thermal conformer. In general, endotherms thermoregulate and thermoconformers are ectothermic, but many 
ectotherms thermoregulate (Withers, 1992). 
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sensitivity of an organism and its capacity to thermoregulate govern its response to 
fluctuations in temperature. Indirectly, these responses involve trade-offs in energy allocation 
and resource acquisition that influence the organism’s performance and fitness, and 
ultimately shape its life history (Angilletta et al. 2003, Angilletta 2009).  
 
The effect of temperature on the performance of an organism can be quantified with a 
thermal performance curve (TPC). In this context, performance refers to any measure of an 
organism’s capacity to function such as locomotion, growth or development (Angilletta 
2009). Thermal performance traits generally involve physiological processes that respond 
rapidly to changes in temperature, and are often traits that are measured as rates (e.g. oxygen 
consumption over time or distance travelled over time; Schulte et al. 2011) which implicitly 
reflects that performance is governed by the rates of enzyme-driven biochemical reactions 
that are sensitive to temperature. In general, TPCs are hump shaped (Figure 1.1), as 
performance initially increases with temperature until it reaches a maximum (Pfmax). 
 
Figure 1.1 Hypothetical thermal performance curve (TPC) with the maximum performance 
(Pfmax), thermal optimum (Topt), thermal breadth (Tbr) and critical minimum and maximum 
thermal thresholds (CTmin and CTmax). 
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Logically, this peak is at the optimal temperature for performance (Topt). With further 
increase of the temperature, performance will decrease (Huey & Stevenson 1979). The 
intercepts of the curve with the x-axis define the thermal thresholds, with lower and upper 
critical thermal thresholds, or pejus temperatures sensu Pörtner (2001). These thresholds can 
be used to calculate the thermal tolerance range, that is the temperatures over which 
performance is positive, although usually the thermal breadth (Tbr) is estimated, which is the 
range of temperatures at which the organism performs “well” (usually around 80% of 
maximum performance; Huey & Stevenson 1979). Therefore, the performance breadth is 
generally smaller than the absolute thermal tolerance range of an organism.  
TPCs are often asymmetrically skewed to the left (i.e., with a steeper decrease in 
performance at high temperatures compared with the increase in performance at lower 
temperatures; Martin & Huey 2008). Indeed, there is ongoing debate in the literature as to 
whether enzyme kinetics should generate asymmetrical or symmetrical TPCs (Gilchrist 1995, 
Martin & Huey 2008, Asbury & Angilletta 2010). Nevertheless, to estimate the shape of a 
TPC, and quantify Topt and Tbr, a function must be chosen that best captures the overall 
thermal response but not the variation in the data due to random measurement error 
(Angilletta 2006). By convention, model selection techniques such as Akaike’s Information 
Criterion, seek to identify the simplest function, with the fewest parameters, that captures the 
majority of the variation in the data (Burnham & Anderson 2003). In the context of fitting 
TPCs to data, asymmetrical functions, such as Weibull and exponentially modified Gaussian 
functions, generally contain more parameters and are therefore more complex than 
symmetrical functions, such as Gaussian and quadratic functions. Consequently, when 
estimating the shape of the performance curve, Gaussian functions often provide the best fit 
to the data (Angilletta 2006). The Akaike Information Criterion (AIC) is a commonly used 
technique to select the model that best describes the data without overfitting (Burnham & 
CHAPTER 1 
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Anderson 2003). Throughout this thesis, I used this model selection technique to compare the 
fit of different functions to coral thermal performance data.  
 
Through adaptation and phenotypic plasticity of performance traits, the shape and 
position of TPCs can vary among species and populations, as well as within the same 
individual over time. Adaptation involves a genotypic adjustment of the phenotype (e.g., 
behaviour, physiology or morphology) and requires natural selection on genetic variation to 
create a population with increased fitness under the environmental conditions of its habitat 
(Reece et al. 2011). Therefore, adaptation is a process that occurs over large time scales from 
one generation to the next, and also required time for the new genotypes to disperse 
throughout the population. In contrast, phenotypic plasticity is a phenotypic adjustment (i.e. 
acclimatization) of a trait, such as a change in lipid content or growth rate, which allows an 
individual to optimise its performance in the local environment while maintaining the ability 
to re-adjust to new environmental conditions if they arise (Reece et al. 2011). Consequently, 
acclimatization is a process that occurs over smaller time scales than adaptation, such as 
between seasons, and can be observed on one individual more readily. Individual plasticity 
falls within two broad categories (Beaman et al. 2016): reversible acclimation that occurs 
constantly throughout an organism’s life (Whitman & Agrawal 2009), or developmental 
acclimation that only occurs during early life when a specific trait responds to an 
environmental cue and becomes fixed during the adult life of the organism (Kinne 1962). 
Depending on the spatial and temporal heterogeneity of the thermal environment, and the 
longevity of the organism, a species can be expected to adopt a thermal strategy that 
maximises fitness through either developmental or reversible acclimation of traits (Berrigan 
& Scheiner 2004). For instance, in response to seasonal thermal variation, reversible 
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acclimation is important for maintaining high performance during each season (Gabriel 
2005). However, in a homogenous thermal environment, or when within-generation 
variability in temperature is small, developmental acclimation is favoured as this maximizes 
performance according to the specific thermal conditions (Angilletta 2009). This leads to a 
general prediction that developmental acclimation might be more frequently observed in 
tropical regions where conditions during development are similar to the conditions 
individuals will experience at maturity. In contrast, reversible acclimation should be more 
frequently observed at temperate latitudes where conditions change repeatedly within a 
generation. 
Furthermore, acclimation is generally not instantaneous but, rather, occurs via a continuous 
adjustment of physiological processes over time until a new steady state is reached. 
Consequently, it is not uncommon to observe a mismatch of the optimal performance with 
the actual thermal environment due to time lags associated with acclimation (Pfab et al. 
2016). Surprisingly, little is known about the actual time course of thermal acclimation, 
possibly because it may vary between populations, individuals and physiological traits 
(Schulte et al. 2011, Forsman 2015). A study that investigated the time course of biochemical 
modifications of rainbow trout during warm (15°C) and cold (5°C) acclimation showed that 
mitochondrial properties first increased and then decreased during warm acclimation, 
whereas the pattern was inverse and the response slower during cold acclimation (Bouchard 
& Guderley 2003). Another study that investigated cold acclimation in fish measured 
oxidative stress after two days of exposure to 8 °C (Kammer et al. 2011). Nonetheless, when 
the rate of environmental change is greater than the rate of thermal acclimation, mismatches 
between Topt and the environment can become increasingly costly and harmful for the 
organisms (DeWitt et al. 1998, Murren et al. 2015). Clearly, filling this knowledge gap about 
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the time course of acclimation to temperature change is becoming more urgent because of the 
potential effects of global warming on aquatic and terrestrial ecosystems. 
Phenotypic plasticity can modify the shape or position of a TPC in three ways: by shifting 
the curve vertically through a change of Pfmax (Figure 1.2 a), by shifting the curve 
horizontally through a change of Topt (Figure 1.2 b), or by changing the breadth of the curve 
(Figure 1.2 c), which is often accompanied with a change in Pfmax (Knies et al. 2006, 
Angilletta 2009). Due to the large variation in thermal environments, species display a rich 
diversity of thermal performance curves that vary in thermal optimum, thermal breadth and 
maximum performance. For instance, the Topt for growth of certain temperate rainforest trees 
was at lower temperatures than that of tropical species (Cunningham & Read 2003); the 
thermal breadth for jumping performance of certain frog species was wider in frogs that lived 
in cooler environments (John-Alder et al. 1988); and tropical Drosophila melanogaster 
populations had a higher critical thermal threshold for heat-induced male sterility than 
temperate populations (Rohmer et al. 2004). Thermal performance curves facilitate 
investigation of the variation in thermal performance within and among species from  
 
 
Figure 1.2 Thermal acclimation of the performance can occur through a vertical shift of the 
performance curve by changing the maximal performance (a), a horizontal shift of the 
performance curve by changing the thermal optimum (b), or changing the thermal breadth 
which is often accompanied by a change in the maximum performance (c). 
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different geographic regions. Such studies also provide an understanding of how 
environmental conditions shaped thermal physiology and, by quantifying the capacity for 
local acclimation and adaptation of species, provide insight into the potential of existing 
populations to persist during periods of climate change.  
Changing global temperatures requires species to acclimatize and adapt to new 
environmental conditions and, therefore, climate changes poses a major threat to the world’s 
ecosystems (IPCC 2014). However, much of our current knowledge of thermal acclimation 
and adaptation comes from comparative and experimental studies on ectotherms, including 
lizards (e.g., Huey & Bennett 1987, van Berkum 1988, Xiang et al. 1996, Angilletta et al. 
2002), fish (e.g., Pörtner & Knust 2007, Fangue et al. 2008, Donelson et al. 2011) and various 
insect species (e.g., Sinclair et al. 2012). We can gain new insights into the thermal strategies 
of ectotherms by investigating species with different life histories, such as corals that have 
long-life spans, are both hetero- and autotrophic, and cannot use behaviour to thermoregulate. 
Therefore, to advance our capacity to predict the impacts of climate change on ecosystems 
worldwide, there is an urgent need for improved knowledge of the mechanisms that underlie 
thermal acclimation and adaptation for organisms in general.  
 
Coral reefs harbor the highest concentration of marine biodiversity (Carpenter et al. 
2008), and provide spawning, nursery, breeding and feeding grounds for numerous marine 
organisms (Moberg & Folke 1999). Additionally, coral reefs directly support many millions 
of people through provision of ecosystem goods and services, such as fisheries, coastal 
protection, building materials and tourism (Moberg & Folke 1999), valued at hundreds of 
billions of dollars annually (Costanza et al. 2014). Coral reefs are identified as particularly 
vulnerable to rising ocean temperatures associated with climate change (Pörtner et al. 2014). 
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This is alarming because a decline of reef-building corals has extensive ecological, social and 
economic consequences, including a decrease in biodiversity, reduced coastal protection and 
loss of income through diminished tourism and coral reef fisheries (Hoegh-Guldberg 1999, 
Hoegh-Guldberg et al. 2007, Hughes et al. 2017a). However, our understanding of the 
mechanistic basis of thermal acclimation in corals is limited, and is largely inferred by 
analogy with other taxa (Gates & Edmunds 1999). Unfortunately, the thermal acclimation 
strategies used by ectotherms in general cannot be directly extrapolated to corals because, for 
instance, they are sessile and cannot use behavioral strategies to escape or generate heat. In 
addition, corals are symbiotic organisms which means that thermal acclimation must be 
understood at both the level of the coral host (or so-called coral ‘holobiont’, which includes 
the coral animal and associated microorganisms, including the symbionts), and of its 
photosynthetic symbionts.  
The foundation for the high biodiversity of coral reefs is the complex three-
dimensional reef matrix formed by the calcareous skeletons secreted by reef-building 
(scleractinian) corals (Graham & Nash 2013), which thrive due to the symbiosis between the 
scleractinian coral host and the photosynthetic algal symbionts (Symbiodiniaceae). 
Symbionts are beneficial to the coral host as they convert light energy into organic carbon 
that the host uses to support metabolic processes. Meanwhile, metabolic waste products 
produced by the coral host are a source of nutrients for the symbionts (Muller-Parker et al. 
2015). Whilst this symbiosis is fundamental for coral reefs to flourish, small changes in the 
physical parameters of the environment (such as temperature, light or salinity) can lead to the 
expulsion of symbionts which often results in visibly bleached corals (Jokiel & Coles 1990, 
Gates et al. 1992, Muller-Parker et al. 2015). Over the past three decades, increased sea 
surface temperatures related to global warming caused local, regional and global bleaching 
events, many of which resulted in significant coral mortality (Hoegh-Guldberg 1999, Heron 
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et al. 2016, Hughes et al. 2017b), and contributed to a decline in the global coral cover 
(Bruno & Selig 2007, De’ath et al. 2012). Numerous studies estimated the fate of reef corals 
under future climate scenarios (e.g. Hoegh-Guldberg 1999, Hughes et al. 2003, Carpenter et 
al. 2008, Teneva et al. 2012), and predicted that the frequency and severity of bleaching 
events will increase with climate change by mid-century or earlier. Probably for this reason, 
there is a strong focus in coral research on the bleaching susceptibility due to thermal stress in 
corals (e.g., Gates et al. 1992, Fitt et al. 2001, Berkelmans & Van Oppen 2006), with an 
emphasis on quantifying the maximum thermal thresholds for coral bleaching and survival 
(Coles et al. 1976, Brown et al. 2000, Fitt et al. 2001, Maynard et al. 2008, Berkelmans 
2009). 
Research into the capacity of corals to cope with increased temperature progressed in 
four directions (Logan et al. 2014): i) identification of the different Symbiodiniaceae genera 
hosted by the coral and symbiont shuffling towards more thermal tolerant genera (e.g. 
Berkelmans & Van Oppen 2006, Silverstein et al. 2015), ii) physiological acclimation of the 
coral host or symbiont to make the coral more thermally tolerant (e.g. Coles & Brown 2003, 
Oliver & Palumbi 2011), iii) adaptation of the coral host or symbiont to temperature increase 
and natural selection on more heat tolerant genotypes (e.g. Barshis et al. 2013), and iv) 
community shifts towards more heat tolerant coral species (e.g. Van Woesik et al. 2011, 
Edmunds et al. 2014). While all these studies provide useful insights about coral persistence 
under to global warming, they focused mainly on the maximum thermal thresholds for coral 
bleaching and survival. However, climate change is causing a gradual increase in average 
temperatures together with episodes of abnormally high temperatures (IPCC 2014) and, 
therefore, the thermal optimum and thermal breadth will determine coral fitness in addition to 
the maximum thermal thresholds. Thus, in addition to research focused on thermal 
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thresholds, quantification of thermal performance across the entire temperature range is 
necessary. 
 
Since temperature affects performance at different levels of biological organization, 
performance traits that measure the whole-organism response are generally different to those 
traits that directly reflect specific physiological responses and biochemical reactions (Schulte 
2015). Coral performance traits that reflect the whole-organism metabolism include oxygen 
production and consumption (i.e., photosynthesis and respiration rate) and oxidative stress, 
along with growth rate or calcification rate. These traits likely reflect a composite response of 
multiple underlying mechanisms but provide an overview of the effects of temperature on the 
organism. Symbiont specific traits that affect coral performance are related to photosynthesis, 
but are measured at the level of the photosystems within symbionts, such as maximum 
photosynthetic quantum yield (Fv/Fm) and electron transport rate. These traits are discussed in 
more detail in Chapters 2 – 5 of this thesis. 
To date, studies that specifically measured thermal performance curves of coral species 
are virtually non-existent, with only one study documenting the thermal performance of the 
Mediterranean coral Oculina patagonica (Rodolfo-Metalpa et al. 2014). This study showed 
that the Topt and Tbr for photosynthesis and some other symbiont-related traits were similar 
between colonies sourced from four regions with very different thermal regimes. So far, 
geographic variation in the Topt for coral growth was demonstrated for only one species, 
Pocillopora damicornis (Clausen & Roth 1975), but these results were challenged by another 
study that showed no difference between optimal temperatures for net productivity of 
Montastrea annularis among sites, despite differences in ambient temperature regimes 
(Castillo & Helmuth 2005). Lastly, the TPC for calcification rates of the tropical coral 
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Galaxea fascicularis was similar to that of the azooxanthellate Dendrophyllia sp. with an 
optimal temperature around 25 °C which corresponded approximately to the mean 
environmental temperatures in summer (Marshall & Clode 2004). The ambiguity about the 
species-specific and environmental controls on coral thermal tolerance shows that there are 
gaps in our knowledge about the extent of plasticity of coral thermal performance curves. In 
addition, despite evidence that both the coral host and symbiont can acclimate to changes in 
the thermal environment (Coles & Brown 2003, Oliver & Palumbi 2011), knowledge of the 
mechanisms that underlies these acclimation responses is lacking (Edmunds & Gates 2008).  
 
In this thesis, I generate new knowledge in relation to four key knowledge gaps about 
how thermal performance of corals varies in response to environmental heterogeneity.  
Acclimation involves changes at molecular, cellular and physiological levels and, 
consequently, takes time. Knowledge about the duration of acclimation is important, because 
it provides insight into the capacity of corals to match their performance to short-term (i.e. 
daily) and/or long-term (i.e. seasonal) fluctuations in their thermal environment. To date, the 
research focus on maximal thermal thresholds of coral species resulted in abundant 
experimental data, but there is inconsistency in the duration of exposure to altered 
temperatures used in these studies, ranging from a few days (Berkelmans & Willis 1999) to a 
month (Jokiel & Coles 1977b). Such variation in experimental duration shows that the rate at 
which corals acclimate to temperature change is unknown. Consequently, the aim of Chapter 
2 was to quantify the duration of the physiological adjustments that occur in the coral host 
and symbiont following a change in temperature. Therefore, I exposed coral fragments to 
heat and cold during 30 days, and measured a set of host and symbiont physiological traits 
daily and weekly to resolve the coral acclimation trajectory and duration.  
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Reversible acclimation potentially allows corals to continuously adjust their physiology 
so that the ambient environmental conditions are close to the thermal optimum (Gabriel 
2005). However, in tropical environments where there is a relatively small difference in 
temperature between seasons, it may not be beneficial to continuously adjust the physiology 
due to the costs and duration of acclimation. Previous studies focussed on the capacity of 
corals to acclimate their upper thermal threshold, but overlooked whether such changes affect 
performance at other temperatures experienced within the ambient environment. For instance, 
reversible acclimation of the bleaching threshold between seasons was demonstrated for 
certain coral species (Berkelmans & Willis 1999), but there is little understanding of the 
mechanisms that cause this response. In fact, two scenarios of acclimation are possible 
through which the upper thermal threshold changes, the thermal optimum could shift (Figure 
1.2 b) or the thermal breadth could increase (Figure 1.2 c). In the former case, increasing Topt 
to promote survival at high temperature may compromise performance at low temperatures 
and, in the latter, an increase in Tbr is often accompanied by a decrease in Pfmax such that 
performance is compromised under the conditions that the coral experiences for most of the 
year. Therefore, the aim of Chapter 3 was to understand whether and how the thermal 
physiology of corals changes between seasons. To achieve this aim, I quantified the 
performance curves of two corals species in summer and winter, and compared how the 
maximum performance, thermal optimum and thermal breadth (Pfmax, Topt, and Tbr) of each 
species differed between seasons. 
Species with broad geographic distributions often encounter a wide range of 
temperatures. However, an individual experiences a much smaller range of these 
temperatures throughout its life, especially for sessile organisms like corals that live in 
tropical regions where the thermal environment during development is likely to be similar to 
that at maturity. Therefore, developmental acclimation and/or reversible acclimation may 
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allow coral populations to specialize their performance to match their local thermal 
environments. Consequently, the performance of corals from populations inhabiting reefs 
with different mean environmental temperatures should vary predictably, with Topt (the 
optimal temperature for performance) of populations from warm environments occurring at a 
higher temperature than that of populations from cooler thermal environments. Latitudinal 
variation in the Topt was observed for insects (Sinclair et al. 2012) and lizards (Huey & 
Kingsolver 1993) among others, but never among coral populations. The Great Barrier Reef 
(GBR) offers an ideal environment to investigate geographic variation in thermal 
performance as the thermal environment on northern reefs is distinctly warmer and less 
variable than that on southern reefs. Consequently, the aim of Chapter 4 was to quantify 
local thermal acclimation of coral populations along a latitudinal gradient in the GBR. For 
this, I measured the thermal performance of two coral species in the northern, central and 
southern GBR. A better understanding of the plasticity of the thermal performance of coral 
species, and how this varies between geographic locations, will provide insight into how 
global warming might impact the dynamics of coral metapopulations which are naturally 
distributed across thermally heterogeneous environments. 
Lastly, temperate and tropical regions generally have distinct climates with, on average, 
cooler and more variable temperature regimes at temperate latitudes compared with tropical 
latitudes. It has long been argued in the ecological literature that temperate organisms that 
experience a broad range of environmental conditions have a broader tolerance range than 
tropical organisms that experience only a small range of environmental conditions (e.g. 
Janzen 1967, Stevens 1989). By comparing the thermal performance breadth of temperate 
organisms with that of tropical organisms, this theory was supported by some studies (e.g. 
Feder & Lynch 1982, van Berkum 1988) but refuted by other studies (see review by 
Angilletta 2009). For corals, the number of studies on temperate corals is limited compared to 
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that of tropical species, making it difficult to compare the thermal sensitivity between these 
groups. Therefore, in Chapter 5, I compared the thermal performance of tropical corals with 
that of temperate corals to assess whether the performance of temperate corals is indeed less 
sensitive to changes in temperature and whether one or both groups live at or above the 
optimal temperature for performance. The comparison of the thermal performance between 
tropical and temperate organisms became more urgent recently, as it is predicted that the 
impact of global warming may be significantly greater in the tropics due to the greater 
sensitivity of these organisms to thermal change (Tewksbury et al. 2008).  
In the final chapter of this thesis (Chapter 6), I summarise the key results of my research 
and evaluate whether and how corals and their symbionts acclimatize to temporal and spatial 
heterogeneity of the thermal environment. I then identify factors that could promote or 
constrain coral and symbiont thermal acclimation. I conclude with some suggestions about 
future research directions that can advance our understanding about the thermal biology of 
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Beneficial acclimation improves organism performance under environmental change. 
However, species differ in their capacity to acclimate and in their rate of acclimation, and 
there are several possible levels of compensation of performance. This study investigated the 
time course of thermal acclimation, and the level of compensation of performance upon 
acclimation, for various physiological traits of massive Porites spp. when exposed to heat (31 
°C) and cold (21 °C) for 30 days. Results showed that heat acclimation did not occur, because 
traits continuously declined over time since the onset of the new temperature regime rather 
than converging to a steady state. In contrast, cold acclimation took approximately two weeks 
and resulted in no or inverse compensation of performance. These results show that there is 
no rapid compensatory acclimation response when massive Porites spp. are exposed to an 
immediate change in the thermal environment, and that compensation of the performance is 
unlikely to occur in response to short-term variations in temperature. Instead, massive Porites 
spp. appear to cope with variation in their thermal environment using a thermal generalist 
strategy. 
 
Species and populations live in variable thermal environments. For instance, 
temperatures can soar during the day and plummet at night, and these fluctuations can differ 
from one season to another. Similarly, the mean environmental temperature generally 
decreases with increasing latitude and elevation (Clarke & Gaston 2006). However, the extent 
of heterogeneity of the thermal environment that an organism experiences differs between 
species depending on life-span (Angilletta 2009). For instance, if the temperature variability 
primarily occurs between seasons, a species with a lifespan of several years will experience 
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this environment as being heterogeneous, while individuals of a species with a life-span of 
one month will experience the same environment as being homogeneous, but heterogeneous 
between generations. Likewise, species with broad spatial distributions covering a range of 
latitudes will encounter a larger range of temperatures than species with restricted 
distributions.  
Species differ in the degree to which the performance of an individual depends on 
temperature (i.e. thermal sensitivity; Angilletta 2009). The performance of a species with low 
thermal sensitivity (often referred to as ‘thermal generalists’) is not strongly influenced by 
temperature and these species can maintain physiological functioning over a broad thermal 
range. In contrast, the performance of a species with high thermal sensitivity (‘thermal 
specialists’) depends strongly on temperature, and individuals suffer poor performance when 
the environmental temperature changes. Therefore, thermal specialists need to adjust their 
physiology and/or behaviour to minimize the loss of performance when exposed to a new 
temperature, in a process known as thermal acclimation (Prosser 1991). Ideally, a species 
would respond instantly to a change in temperature and acclimate perfectly to the new 
temperature so that its performance is always optimal. In reality, however, organisms differ in 
both the time it takes to acclimate, ranging from several days to several weeks (Withers 
1992), and in the level of performance that is achieved after acclimation. Hence, among-
species variation in capacity for thermal acclimation can be scaled according to both the 
duration and the outcome of acclimation (Loeschcke & Sørensen 2005).  
The mechanisms through which temperature is thought to affect performance relate to 
the acute effects of temperature on biochemical reactions, but this acute response can be 
altered by exposure to temperature over longer time periods (i.e., by acclimation; Healy & 
Schulte 2012). Thermal acclimation takes time because it involves a cascade of processes: the 
change in temperature needs to be detected and then converted into a cellular response that 
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activates molecules to induce a change in the physiology (Angilletta et al. 2006). Although 
this cascade generally applies to all individuals, the reaction time of each step, and the 
number and type of physiological traits involved in acclimation, differs between species 
(Schulte et al. 2011). Moreover, thermal acclimation of whole-organism performances (e.g., 
traits like locomotion or growth) can take longer than thermal acclimation of each of the 
various cellular and physiological traits that interact to influence whole-organism 
performance (Sidell et al. 1973, Somero 2012). Additionally, the duration of acclimation 
depends on the magnitude and direction of the temperature change. For instance, given that 
enzyme reactions are temperature dependent and their rates typically increase with 
temperature (Somero 1969), acclimation to heat requires different physiological changes than 
acclimation to cold (Das & Prosser 1967).  
Thermal acclimation can lead to different outcomes for the organism (Precht 1958, 
Hazel & Prosser 1974). During the transition from one temperature state to another (i.e., 
acute exposure to a new temperature), the performance initially decreases rapidly because 
cellular functioning is poor at the new temperature (t0 to t1, Figure 2.1). Subsequently, when 
exposure is chronic, acclimation can lead to changes in various physiological processes that 
partially or completely compensate for the lower performance. The first possible outcome of 
these physiological changes is that acclimation could return performance to the previous 
steady state, or to a slightly higher or lower level (respectively, ‘complete compensation’, 
‘overcompensation’, or ‘partial compensation’ at t2, Figure 2.1). Such partial compensation 
may represent the presence of physiological constraints (e.g., nutrient limitation, or body size 
dependence of metabolic rates) that prevent complete compensation, or it may be an adaptive 
compromise due to trade-offs between multiple traits (Huey & Berrigan 1996). Acclimation 
could also stabilise performance at the lower level reached at the end of the transition period 




Figure 2.1 Thermal acclimation trajectories and outcomes after exposure to a new temperature. 
Exposure to a new temperature (at t0) results in a loss of performance, that after some time (t1) 
will slow down or reverse until it reaches a new steady state (at t2). The performance rate at this 
new steady state compared to the original rate may be higher (overcompensation), similar 
(complete compensation), or lower (partial, no or inverse compensation). No acclimation might 
be when performance did not change in response to a change in temperature, or when 
performance does not reach a new steady state. (Graph modified from Huey & Berrigan 1996) 
 
environments or when the costs of the physiological changes required for compensation 
outweigh the benefits (Huey & Berrigan 1996). Finally, acclimation might be constrained 
such that performance continues to decline over time to reach a steady state at a lower level 
(‘inverse compensation’). In contrast, processes of acclimation do not occur when the 
performance does not change at the onset of a new temperature (thermal sensitivity of the 
measured trait is zero), or when performance continues to decline after a change in 
temperature and does not reach a new steady state is reached (Figure 2.1). Understanding the 
acclimation capacity of a species requires continuous measurement of performance over time 
following an acute or chronic change in temperature. Moreover, as different traits can 
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acclimate at different rates, multiple traits that are relevant to physiological functioning 
should be measured. 
Changing global temperatures require species to acclimatize and/or adapt to new 
environmental conditions to maintain performance. Adaptation depends on the rate of climate 
change and generation time of the species. If the change in climate is slow and the direction 
of change is constant, short-lived organisms may adapt successfully through directional 
selection (Lande, 2009). However, climate change generally occurs across few generations or 
within generations and often lacks a clear signal to drive directional selection (Seebacher et 
al. 2015). Consequently, the capacity for thermal acclimation is essential for a species to 
survive. However, studies documenting the time course of acclimation are sparse in the 
literature (Somero 2015), and acclimation outcomes often misinterpreted (Huey & Berrigan 
1996). For instance, when the performance of an organism is lowered after exposure to a 
thermal stress, it is often concluded that acclimation did not occur. Yet, as mentioned above, 
lower performance after a change in temperature can be evidence of ‘partial’ or ‘no’ 
compensation rather than evidence that acclimation did not occur (Edmunds & Gates 2008). 
Thus, robust interpretations about acclimation require changes in performance to be 
monitored continuously over time after a change in the temperature regime. Furthermore, the 
time course of acclimation differs among traits and direction of exposure (i.e. heat-to-cold or 
cold-to-heat; Withers 1992), emphasizing the need to monitor how performance changes over 
time for multiple traits that are relevant to the thermal acclimation of the whole organism. 
Coral reefs are identified as particularly vulnerable to rising ocean temperatures 
associated with climate change (Pörtner et al. 2014), and assessing whether corals can 
acclimate to global climate change has been central in coral research over the past two 
decades (e.g., Gates & Edmunds 1999, Hoegh-Guldberg 1999, Coles & Brown 2003, Oliver 
& Palumbi 2011, Howells et al. 2013). Corals live in symbioses with a photosynthetic 
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symbiont (family Symbiodiniaceae) but changes in temperature can disrupt this symbiosis 
leading to the expulsion of symbionts from the coral tissues which often results in visibly 
pale or white ‘bleached’ corals (Jokiel & Coles 1990, Gates et al. 1992, Muller-Parker et al. 
2015). In general, the physiology of both the coral host and the symbiont is compromised by 
thermal stress, as temperature affects various enzymes and reactions involved in 
photosynthesis and respiration that can lead to photoinhibition, oxidative stress and cellular 
damage (Lesser 1997, Warner et al. 1999, Fitt et al. 2009). However, a general lack of 
knowledge about the trajectory of thermal acclimation in corals means that the duration of 
thermal acclimation experiments differs between studies, with acclimation times ranging 
from 24 h (Oliver & Palumbi 2011), to several days (Coles & Jokiel 1977, Berkelmans & 
Willis 1999, Fitt et al. 2009, Leggat et al. 2011), to 2 - 3 weeks (Howells et al. 2012; Roth et 
al. 2012) or one month (Jokiel & Coles 1977a). Roth et al. (2012) monitored growth rates and 
photosynthetic performance of the coral Acropora yongei for 20 days after exposure to cold 
(21 ⁰C) and heat (31 ⁰C). In that study, cold exposure initially reduced growth rates and 
photosynthetic performance, but these traits stabilized after ~2 weeks at a reduced level (‘no 
compensation’, Figure 2.1). In contrast, effects of heat exposure on growth and 
photosynthesis were delayed by ~ 5 days, after which the performance of the coral and 
symbiont declined rapidly and irreversibly (‘no acclimation’, Figure 2.1). Additional studies 
on different coral species are required to determine whether such dynamics are consistent 
among coral species. 
This study aimed to define the acclimation trajectory and duration of thermal 
acclimation of massive Porites species after exposure to cold and heat. I measured the 
performance of multiple coral traits influenced by the holobiont physiology (i.e. the coral 
animal and associated microorganisms, including the symbionts) and symbiont physiology, to 
assess the acclimation trajectories of processes that determine whole-organism thermal 
CHAPTER 2 
23 
acclimation in corals. I hypothesized that there would be a rapid initial decrease of the 
performance followed by the onset of acclimation that would slow down or reverse the 
decline in performance, with trajectories potentially ranging from no compensation to 
complete compensation. Specifically, I expected that acclimation at symbiont level would 
occur quicker than at holobiont level, and thus that the onset of acclimation would be first 
detected at symbiont level. I also expected that acclimation of the symbiont would result in 
complete performance, whereas that at holobiont level would be too slow recover completely 
within the timeframe of the experiment. Therefore, I monitored the set of physiological traits 
twice daily during the first week after temperature exposure, and daily during the remaining 3 
weeks. One month was chosen as we expected steady states to occur within this time, or at 
least be able to identify the acclimation trajectory. Additionally, the concentration of 
chlorophyll pigments, proteins and antioxidants was quantified at several time points during 
acclimation to detect oxidative stress and structural changes in the symbiont photosynthetic 
apparatus. Harmful reactive oxygen species (ROS) can be generated by the coral host at 
increasing levels during thermal stress. High ROS concentrations may lead to interference 
with normal cell functioning, inducing oxidative stress (Lesser 1997). Additionally, ROS 
synthesis requires energy, which may compromise other energy demanding processes, such 
as cellular respiration (see review by Sørensen et al. 2003). As a response to thermal and 
oxidative stress, the concentration of antioxidants, proteins, and chlorophyll and fluorescent 
pigments may change (Weis 2008, Palmer et al. 2009, Roth & Deheyn 2013). Therefore, I 
quantified changes in these proteins and pigments over time, in addition to measuring 
changes in symbiont photophysiology, and whole-coral photosynthesis and respiration. 
Together these results assess the physiological adjustments, outcome and trajectory of 




2.3.1 Experimental design 
To quantify the dynamics of thermal acclimation I measured several thermally 
sensitive physiological traits of massive Porites spp. exposed to heated, chilled or ambient 
seawater during one month. Massive Porites spp. were used because of their high abundance 
in the Indo-Pacific region (Done 1982, Veron 2013) and because they are known to be 
thermally tolerant (Loya et al. 2001). Fragments of different colonies (N = 50 colonies; size 
approximately 5 by 5 cm; coral identification based on morphological characteristics) were 
collected by hand using a hammer and chisel while SCUBA diving at 3 – 5 m depth at reefs 
around Orpheus Island (18° 37′ 06″ S 146° 29′ 37″ E), Great Barrier Reef, Australia. 
Fragments were immediately transported to Orpheus Island Research Station and randomly 
distributed among twelve experimental tanks (50 l), five per tank (Figure 2.2), set-up in an 
air-conditioned temperature-controlled room. The tanks were supplied with filtered seawater 
(15 µm) through a semi-closed flow-through system, where seawater from the reef flat was 
maintained in three large sumps (500 l) equipped with submerged pumps (Aquapro AP1050, 
Aquatec, Perth, Australia) that distributed the water to the tanks at a flowrate of 
approximately 45 l h-1. Overflow from each tank was returned to the corresponding sump and 
overflow from the sumps returned the water to the reef flat. A small air stone in each sump 
provided a constant stream of microbubbles for aeration. The ambient water temperature and 
salinity ranged between 25.5-27 °C and 34-36 PSU respectively. Temperature in the tanks 
was measured three to four times daily using a hi-accuracy dual thermometer (Traceable 
4338, Control Company, Friendswood, USA). Temperature in the sumps was recorded by 
data loggers every 15 minutes (Hobo model UA-002-08, Onset, Massachusetts, USA). 
Irradiance was supplied by 12 metal halide lamps (150 W, Oracle, Sylvania, Australia) with 
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shading in place to provide 185-210 µmol photons m-2 s-1 (corresponding to the average daily 
irradiance at ~3 m depth) with a 12 h light/dark cycle. Irradiance was measured with a LI-
1400 light logger (LI-COR, Lincoln, USA) with a spherical underwater quantum sensor (LI-
193). Corals were fed every three days with freshly hatched Artemia salina nauplii. 
Fragments were given two weeks to recover and acclimate to tank settings. 
Following the recovery period, the water temperature in one sump (hereafter ‘heated’) 
was increased by 5 ⁰C (to 31.7 ± 0.2 °C) on the morning of day zero using a diesel generated 
heater-chiller unit external to the aquarium room and two additional bar heaters (Visi-Therm, 
300 W) inside the sump. At the same time, the water temperature in another sump (hereafter 
‘chilled’) was decreased by 5 ⁰C (to 20.8 ± 0.4 °C) using the same external heater-chiller unit 
and an additional water chiller (Teco SeaChill TR20, Ravenna, Italy) inside the temperature-
controlled room that was connected to the sump. These temperatures (21 °C and 31 °C) 
approximate the lowest (winter) and highest (summer) temperatures that the corals may 
experience in the field annually (see also Chapter 2). However, the change in my experiment 
was more abrupt, as daily fluctuations of the seawater temperature on the reef are on average 
0.5 °C (seawater temperatures obtained from the Australian Institute of Marine Science data- 
 
 
Figure 2.2 Experimental design to test thermal acclimation of massive Porites spp. (N = 50).  
The snowflakes indicate the days at which fragments were collected for tissue analyses. 
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portal; AIMS 2017). The water temperature in the third sump remained at ambient 
temperature (26.4 ± 0.6 °C) and this was stabilized from day/night fluctuations by air-
conditioning in the room. At the onset of the temperature treatment, the water temperature in 
the heated and chilled tanks was increased or decreased at a rate of 0.2 °C per hour until it 
was stabilized at 30.6 ± 0.3 °C in the heated tanks and 21.3 ± 0.2 °C in the chilled tanks 
(Figure 2.2). The water temperature in the ambient tanks was at 25.9 ± 0.4 °C. The first set 
of measurements were taken the morning following the onset of the temperature change and 
this continued for 30 days. 
I expected that performance would decrease rapidly during the first week of exposure 
to the new temperature. Therefore, during the first week, every morning and evening, the 
maximum quantum yield (Fv/Fm) was measured using Pulse Amplitude Modulated (PAM) 
fluorometry and the oxygen production and consumption was measured using respirometry 
(details about fluorometry and respirometry are expended later). After seven days, I expected 
that the changes in performance would occur at a slower pace because thermal acclimation 
slowed down or reversed the initial decline in performance and respirometry measurements 
were only performed in the evening. The measuring interval of Fv/Fm did not change, since 
this is a rapid and non-invasive method to assess the corals’ health (Fitt et al. 2001). In 
addition, daily from day 9 onwards, rapid light curves (RLCs) were performed around noon 
using PAM fluorometry to assess if the carbon fixation component of photosynthesis was 
more sensitive than Fv/Fm. For tissue analyses, one randomly chosen fragment from each tank 
was frozen on day 1, 7, 13, 21 and 30 (Figure 2.2). 
Observations of the tentacle expansion (categorized as fully expanded, partially 
expanded, retracted but visible, or not visible, and scored as 4, 3, 2, 1 respectively) were 
made every evening prior to the measuring the maximum quantum yield, as an indication of 
polyp activity. Additionally, observations of coral colour were made daily at noon using a 
CHAPTER 2 
27 
standardized colour chart (Coral Health Chart, CoralWatch, University of Queensland, 
Australia) to detect tissue paling and/or bleaching (scored on a scale of 1 to 6 from pale to 
dark). Loss of coloration (paling) of the coral is due to a reduction in the symbiont population 
and/or a reduction of the photosynthetic pigment per symbiont (Brown 1997), and occurs 
gradually to eventuate in corals that are ‘bleached’ white with very low pigment and 
symbiont concentrations. 
2.3.2 Respirometry 
Rates of net photosynthesis (Pnet) and respiration (R) were measured in transparent 
experimental cells made of Plexiglas (five cells, approximately 10 cm in diameter and 10 cm 
high, containing 1166 ml ± 9 ml) during one hour. Each cell was filled with filtered seawater 
(15 µm) and four cells contained a coral fragment (randomly chosen from each tank) placed 
on a PVC stand, while one control cell remained empty (to correct for non-coral oxygen 
production and consumption). The cells were placed in a water bath that received water from 
the heated, chilled or ambient sump to control the temperature inside the respirometry cells. 
A submersible magnetic stirrer plate (MIXdrive 6, 2mag, Muenchen, Germany) and magnetic 
stirrer bar inside each cell provided continuous mixing of the water. The dissolved oxygen 
concentration in the water was measured using oxygen probes (LDO101, Hach, Loveland, 
USA) connected to a logging device (HQ40D, Hach) at one minute interval. Oxygen probes 
measure the oxygen saturation of the water and therefore respiration rates are likely an 
underestimation of the absolute respiration rates as measured with higher resolution 
equipment such as micro sensors (Kühl et al. 1995). However, oxygen probes provide enough 
accuracy for comparison of differences in respiration at different temperatures. Pnet rates 
were measured at a light intensity of 300 µmol photons m-2 s-1 provided by two wide beam 
lamps (Oracle, Sylvania, Australia) with 150W metal halide light. R rates were measured in 
 
28 
the dark after the photosynthesis measurements. At the end of the respirometry 
measurements, fragments were returned to their experimental tank. Pnet and R rates of each 
fragment were corrected by subtracting the differential oxygen concentration of the empty 
control cell and multiplying by the water volume of the cell. To allow for comparison 
between fragments and species, Pnet and R rates were normalized to coral skeletal surface 
area (see “Tissue Analyses” below for details of surface area measurement). 
2.3.3 Fluorometry 
Symbiont specific traits were measured using a DIVING-PAM fluorometer (Walz, 
Germany). The maximum quantum yield (Fv/Fm) describes the maximum yield of 
photosystem II (PSII) when all reaction centres are open. Thermal stress can lower Fv/Fm 
through inhibition of PS II reaction centres and increased heat dissipation. Fv/Fm was 
measured with a fibre optic probe at a fixed distance (~ 5 mm) from the coral surface. A red 
actinic measuring light was applied to determine the minimal chlorophyll fluorescence yield 
(Fo) after which a suturing light pulse was given which closed all reaction centres and 
induced the maximal fluorescence yield (Fm). The photochemical yield was then calculated as 
(Fm-Fo)/Fm. Per coral fragment, an average of three Fv/Fm measurements at random points on 
the coral surface were taken. Measurements were taken on dark-adapted fragments in the 
morning before the lights would turn on, and in the evening at least two hours after lights 
turned off. 
In addition, rapid light curves (RLCs) were measured on light-adapted fragments (two 
per tank) by exposing a fragment to a series of nine saturating light pulses, each light pulse 
followed by a 10 s interval of exposure to a low actinic light intensity that increased in 
intensity after each step. The saturating light pulses allowed for calculation of the effective 
quantum yield (ΔF/Fm’) which describes the amount of energy used in photochemistry by 
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PSII under steady-state light conditions. By increasing the light intensity in between the light 
pulses, fewer reaction centres were open to process the light energy and more light was 
reemitted as fluorescence, therefore ΔF/Fm’ decreased. At each light pulse, rETR was then 
calculated as  
rETR = ΔF/Fm’ * PAR * 0.84 * 0.5      (Eq. 2.1) 
where PAR was the actinic light intensity, 0.84 was a factor for the assumed light absorbance 
of the sample and 0.5 was a factor for the ratio of PSII and PSI reaction centres.  
Hence, each RLC provided nine measurements of ΔF/Fm’ and rETR per fragment, of which 
the maximum ΔF/Fm’ and maximum rETR (rETRm) were recorded. Finally, the excitation 
pressure (Qm) over PSII was calculated as 
Qm = 1 - (ΔF/Fm’) / (Fv/Fm)       (Eq. 2.2) 
where ΔF/Fm’ is the effective quantum yield of the light-adapted sample and Fv/Fm is 
maximal quantum yield of the dark-adapted sample. Qm describes the extent to which the 
photosynthetic capacity of the fragment is reduced in the light compared with its maximal 
capacity in the dark. Values close to zero indicate that the reaction centres remain open even 
when exposed to a high light intensity, suggesting that photosynthetic rates are light-limited, 
whereas values close to one indicate that the reaction centres are closed, suggestion 
photoinhibition (Iglesias-Prieto et al. 2004). Qm was calculated for each day and each tank by 
dividing the tank average of ΔF/Fm’ by the tank average of Fv/Fm. 
2.3.4 Tissue analyses 
Fragments were transported on dry ice to the laboratory at James Cook University and 
stored at -80 ⁰C for tissue analyses. Surface areas were determined by wrapping the upper 
living tissue of the fragments with aluminium foil (Marsh 1970), flattening the foil on a hard 
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surface, taking a planar photograph of the foil with a scale bar, and quantifying the surface 
area by digital image analysis software (ImageJ, version 1.51n, National Institutes of Health, 
USA). A subsample (~ 4 cm diameter) of each fragment was taken using hammer and chisel, 
after which fragment surface areas were determined as described above. Tissue was removed 
from the skeleton of the subsamples by air blasting into 10 ml of phosphate buffer solution 
(PBS) within a plastic bag. The coral slurry was homogenized for 30 s using a homogenizer 
(IKA T25, Ultra-Turrax, Germany) and centrifuged for 10 min at 5,000 k. Subsamples of the 
supernatant were collected for total protein, fluorescent protein and antioxidant extraction and 
stored at -80 ⁰C, while the pellet was processed immediately for chlorophyll extraction.  
To determine the chlorophyll concentration, 5 ml of 90% acetone was added to the 
pellet, left at 4 ⁰C in darkness overnight, centrifuged at 5,000k for 15 min, and added in 
triplicates (200 µl) to a multiplate well. Absorbance was measured at 630, 663 and 750 nm 
using a spectrophotometer (Spectramax M2 Reader, Molecular Devices, USA) and 
chlorophyll (chl) a and c2 concentrations were calculated according to Jeffrey and Humphrey 
(1975b). The total amount of chl a and chl c2 was standardized to the surface area of the 
subsample (chl a + c2 cm-2). 
Total protein content was determined following the method of Palmer et al. (2009). A 
standard curve was prepared using bovine serum albumen (BSA) with concentrations ranging 
up to 2 mg ml-1. The stored supernatant (hereafter referred to as samples) and standard curve 
concentrations were sonicated on ice for 60s, left on ice for 5 min, vortexed for 20 s, left on 
ice for another 5 min and centrifuged at 2900 k for 5 min. Standard and sample (20 µl) were 
transferred in triplicate to multiplate microwells and 180 µl of RED 660 Protein Assay 
Reagent was added into each well and mixed by pipet. The optical density was immediately 
measured at 660 nm using a spectrophotometer (Spectramax M2 Reader, Molecular Devices, 
USA). Total protein concentration of each sample was calculated relative to the standard 
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curve and standardized to the surface area of the subsample as described above (mg protein 
cm-2). 
Fluorescent protein content was measured immediately following the protein 
determination. For this, each well was excited at 280 nm and the emission spectra measured 
from 360 nm to 750 nm in steps of 5 nm using a spectrophotometer (Spectramax M2 Reader, 
Molecular Devices, USA). The relative fluorescence (RFU) was plotted against wavelength 
and area under the curve was calculated as a measure of total fluorescent. RFU was 
standardized to total protein content and surface area of the subsample (RFU protein-1 cm-2). 
Antioxidant concentration was determined using the Oxygen Radical Antioxidant 
Capacity (ORAC) assay (OxiSelect, Cell Biolabs Inc., USA). Briefly, this assay works by the 
quenching of a fluorescein probe that is added to the sample. When a radical initiator is added 
to the sample with the fluorescein probe, peroxyl radicals are produced that quench the 
fluorescein probe over time. However, in the presence of antioxidants in the sample, peroxyl 
radical formation is impeded, thereby preventing the quenching of the fluorescence until the 
antioxidant activity is depleted. By measuring the time of fluorescence decay, the total 
peroxyl radical antioxidant activity of the sample can be quantified and compared to an 
antioxidant standard curve. To do this, a standard curve was prepared using 5mM 
Antioxidant Standard Stock (Trolox) with concentrations ranging up to 200 µl. Standard 
curve and sample (25 µl) were transferred in triplicate to a microtiter plate and 150 µl of 
fluorescein probe was added into each well and mixed using a pipette. The plate was 
incubated for 30 min at 37 ⁰C, after which 25 µl of radical initiator was added using a 
multichannel pipette and mixed thoroughly. The fluorescence decay was measured 
immediately using a spectrophotometer (Spectramax M2 Reader, Molecular Devices, USA) 
at an excitation wavelength of 480 nm and emission wavelength at 520 nm during one hour at 
one min intervals. The relative fluorescence of a blank was plotted over time and subtracted 
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from the fluorescence decay of the samples and standard curve to obtain the net area under 
the curve for each sample, which was then graphed against the Trolox concentration. The 
Trolox equivalent (TE) of the samples was compared to the standard curve and standardized 
to surface area of the subsample (µmol TE cm-2). 
2.3.5 Data analyses 
Data were analysed using the statistical software R version 3.0.3 (The R Foundation 
for Statistical Computing) and graphed with Prism GraphPad Software version 7.03. All 
variables were checked for normality using the Shapiro-Wilk test and log transformed when 
significant (p < .05). Homogeneity of variance was tested using the Levene’s test or visually 
inspected by graphing the data using ‘ggplot2 package’ when data were unbalanced (note that 
there are more data points in the heated and chilled treatments than the ambient treatment). 
To assess the acclimation trajectory, generalized least squares (GLS) and piecewise 
regressions fitted using maximum likelihood were fitted to the continuously-measured 
holobiont and symbiont response variables (i.e., Pnet, R, ΔF/Fm’, Fv/Fm, rETRm) for each 
temperature treatment (chilled, heated and ambient). For the piecewise regression, 
breakpoints were set a-priori every 10 days during the 30 day period. This allowed me to 
assess the initial decline in the response rate during the first 10 days, and to determine 
whether, and at what level, a steady state of the performance occurred by assessing if the 
slope was significantly different from zero during day 11 – 20 and/or during day 21-30. 
Piecewise regressions with breakpoints every 10 days provided a significantly better fit than 
simple regression for both response rates and temperature treatments, except for the Pnet 
rates in the heated treatment (Appendix Table A.1 for model comparisons). Simple 
regressions were fitted to the photosynthesis and respiration rates of the corals at ambient 
(control) temperature, because these responses were measured less frequently, and were not 
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expected to change over time. Since fragments were randomly chosen daily for respirometry 
measurements, several fragments were measured repeatedly. To verify that the repeated 
measured individuals did not influence the regression, I also regressed the respirometry data 
with these individuals excluded (Appendix Figure A. 1). For ΔF/Fm’, Qm and rETRm, 
measurements started after 9 days of thermal exposure, and therefore piecewise regressions 
were fitted to two time intervals: days 9-20 and days 21-30. Post hoc comparisons to detect 
differences in response rate (slope) between the three time intervals were made by calculating 
differences of least squares means. For the response variables Fv/Fm, ΔF/Fm’ and rETRm, 
multiple coral fragments were measured within a tank each day. In this case, ‘tank’ was 
included as random factor to the model and a linear mixed effects model (LME) fit by 
maximum likelihood was used, and a likelihood ratio test was used to verify whether the 
factor ‘tank’ improved the model fit. If the model including ‘tank effect’ did not explain 
significantly more variance in the data than the model without this random effect, GLS 
regressions were fitted instead. Lastly, the tissue parameters (chlorophyll, protein, antioxidant 
and fluorescent protein content) were analysed using a two-way Analysis of Variance 
(ANOVA) with time and treatment as a categorical variables (intermediary analyses only 
done at day 1, 7, 15, 21 and 30). A Tukey posthoc test was used to detect which treatments 
and days differed. 
 
2.4.1 Observations 
Heat exposure reduced tentacle extension from fully expanded, to partial or not 
expanded after 17 days (2.6 ± 1.4 on day 9 to 1.4 ± 0.9 on day 17). In contrast, tentacle 
activity increased slightly after two weeks of cold exposure, with more fragments showing 
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partially and fully expanded tentacles (2.0 ± 1.3 on day 9 to 2.8 ± 1.3 on day 16). At ambient 
temperature, the tentacles of most fragments were fully extended (3.7 ± 0.5 on average) and 
there was no change over time. Additionally, fragments in the heated treatment paled 
gradually (from 4.5 ± 1.1 on day 9 to 2.8 ± 0.5 on day 30), although bleaching was only 
observed in two fragments that were sampled from the tanks on day 19 for tissue analyses. In 
the chilled treatment, there were no visual signs of paling (from 3.6 ± 1.1 on day 9 to 3.8 ± 
1.2 on day 30), except that after 9 days, two fragments started to show a slight fluorescent 
blue colouration, which can be an inflammation (Palmer et al. 2008) or thermal stress 
response (Palmer et al. 2009). The fragments exposed to ambient temperature were darker 
compared to the heat and cold exposed fragments (on average 4.7 ± 0.1 for ambient 
fragments and 4.2 ± 0.6 and 3.9 ± 0.4 for heated and chilled fragments), and did not pale over 
time. 
2.4.2 Respirometry 
The experimental set-up did not affect the net photosynthesis or respiration rate, as 
there was no significant change in performance over time for corals maintained at ambient 
temperature (Figure 2.3 and Table 2.2). Acclimation of the holobiont physiology to cold and 
heat resulted in different acclimation trajectories for the net photosynthesis rate and 
respiration rate (Figure 2.3), but I found no evidence of complete or partial compensation for 
these performance variables. Instead, holobiont performance generally declined over the first 
20 days in both treatments and then reached a steady state between days 21 – 30 when 
exposed to heat (slope = -0.006, p = 0.32 for Pnet and -0.002, p = 0.66 for R, Figure 2.3, 
Table 2.1). However, on average the Pnet rate during this steady state was -0.02 ± 0.07 µmol 
O2 h-1 cm-2, meaning that oxygen consumption was greater than oxygen production, which is 
insufficient to sustain coral health in the long term. Collectively these results indicate that 
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heat acclimation did not occur. In contrast, photosynthesis rates stabilized between days 11 – 
20 of cold exposure (slope = 0.004, p = 0.33 for Pnet and slope = 0.002, p = 0.76 for R, 
Table 2.1), suggesting a ‘no compensation’ trajectory, although rates declined further 
between days 21 - 30.  
2.4.3 Fluorometry 
Similar to the holobiont thermal responses, the experimental set-up did not affect the 
symbiont responses, as there was also no change in ΔF/Fm’ or Qm within the ambient 
treatment (Table 2.2). Likewise, Fv/Fm did not change significantly over time (p value for 
slope estimates are > 0.05; Table 2.2), although the slope across day 0-10 can be considered 
negative (p = 0.056, Table 2.2), suggesting that the start of the experiment may have been 
stressful which may have influenced the fragments in the chilled and heated treatment as 
well. 
Within the heated and chilled treatments, the physiological responses at symbiont 
level, Fv/Fm, ΔF/Fm’, Qm (Figure 2.4) and rETRm (Figure 2.5) followed different acclimation 
trajectories but showed no sign of ‘complete’ or ‘partial’ acclimation. Fv/Fm declined during 
the first 10 days of exposure to cold (Figure 2.4 a) and heat (Figure 2.4 c), with this 
response being three times stronger in the heated treatment (Table 2.1). Following this 
decline, Fv/Fm reached a steady state in the cold treatment over the remaining days (slope 
ranged between 0.001-0.002, p > 0.13,Table 2.1), whereas the Fv/Fm of heat exposed corals 
continued to decline further during day 21 to 30 (slope = -0.007, p = 0.002, Table 2.1). This 
suggests that acclimation occurred during cold exposure following the ‘no compensation’ 
trajectory, but acclimation did not occur during heat exposure. 
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Table 2-1 Results of the generalized linear models (for net photosynthesis, respiration and 
excitation pressure), and linear mixed effects models (for maximum photosynthetic quantum 
yield, effective photosynthetic quantum yield and maximum electron transport rate) to detect 
steady states of the physiological responses over 10 day intervals during exposure to cold (21 °C) 
and heat (31 °C). P-values > 0.05 (bold) indicate steady states. 
  Cold Heat 
Response Days 
Slope 
estimate S.E. t-value p-value 
Slope 
estimate S.E. t-value p-value 
Pnet 0 – 10 -0.011 0.004 -3.006 0.003 -0.025 0.006 -4.231 0.000 
 11 – 20 0.004 0.004 0.984 0.327 -0.021 0.005 -3.641 0.000 
 21 – 30 -0.013 0.004 -2.963 0.004 -0.006 0.006 -1.005 0.317 
Resp 0 – 10 -0.006 0.005 -1.269 0.207 -0.009 0.006 -1.375 0.172 
 11 – 20 0.002 0.006 0.305 0.761 -0.021 0.005 -3.951 0.000 
 21 – 30 -0.019 0.006 -3.265 0.001 -0.002 0.005 -0.440 0.661 
Fv/Fm 0 – 10 -0.003 0.001 -3.070 0.002 -0.009 0.001 -7.741 0.000 
 11 – 20 0.001 0.001 0.445 0.655 0.001 0.002 0.776 0.438 
 21 – 30 0.002 0.001 1.502 0.134 -0.007 0.002 -3.179 0.002 
ΔF/Fm’ 9 – 20 -0.001 0.001 -0.624 0.535 -0.006 0.002 -2.791 0.007 
 21 – 30 0.004 0.002 0.284 0.777 -0.007 0.003 -2.594 0.011 
Qm 9 – 20 0.000 0.002 0.147 0.883 0.002 0.003 0.682 0.497 
 21 – 30 0.003 0.002 1.101 0.274 0.004 0.004 1.040 0.301 
rETRm 9 – 30 0.081 0.059 1.365 0.174 -0.890 0.097 -9.176 0.000 
 
Table 2-2 Results of the generalized linear models for net photosynthesis, respiration and 
excitation pressure, and linear mixed effects models for maximum photosynthetic quantum yield, 
effective photosynthetic quantum yield and maximum electron transport rate to detect changes 
in the physiological responses of the ‘control’ group exposed to ambient temperature (26 °C). P-
values > 0.05 (bold) indicate steady states. 
Response Days 
Slope 
estimate S.E. t-value p-value 
Pnet 0 – 30 -0.003 0.002 -1.397 0.164 
Resp 0 – 30 0.003 0.002 1.438 0.152 
Fv/Fm 0 – 10 -0.002 0.001 -1.918 0.056 
 11 – 20 -0.001 0.002 -0.442 0.660 
 21 – 30 0.001 0.002 0.698 0.486 
ΔF/Fm’ 9 – 20 -0.005 0.003 -1.616 0.114 
 21 – 30 -0.000 0.003 -0.074 0.941 
Qm 9 – 20 0.000 0.004 0.100 0.921 
 21 – 30 0.003 0.005 0.690 0.494 




Figure 2.3 The mean net photosynthesis rates (top panels) and absolute respiration rates (bottom panels) of massive Porites spp. during 30 days 
exposed to chilled (21 ⁰C; a,d), ambient (26 ⁰C; b,e) or heated (31 ⁰C; c,f) seawater. During the first 7 days, measurements were taken every morning 
and evening, the remaining days measurements were taken in evening. Fragments at ambient seawater were measured after 1, 7, 15, 21 and 30 days 





Figure 2.4 Mean maximum quantum yield (Fv/Fm; closed symbols in top panels) and effective quantum yield (ΔF/Fm’; open symbols in top panels) in 
massive Porites spp. during 30 days exposure to chilled (a), ambient (b) and heated (c) seawater, with excitation pressure (Qm) on photosystem II in 
bottom panels to chilled (d), ambient (e) and heated (f) seawater. Piecewise regressions were fitted through the responses by 10 days interval, but 
not displayed for Qm as the slopes were equal to zero. Datapoints are averages: Fv/Fm was measured on all (remaining) fragments in each tank, ΔF/Fm’ 
was measured on 8 fragments (2 per tank) and Qm was calculated by tank averages (n = 4). Errorbars are s.e.m of corresponding sample size.
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Simple regressions provided an equally good fit to the data of the effective quantum 
yield (ΔF/Fm’; Figure 2.4 a-c) and excitation pressure (Qm; Figure 2.4 d-f) as piecewise 
regression (Appendix Table A.1), but for consistency with the Fv/Fm analyses, data were 
analysed using piecewise regressions. During cold exposure, ΔF/Fm’ remained constant 
(Table 2.1), which is consistent with the steady state observed for Fv/Fm from day 10 
onwards, whereas heat exposure resulted in a continuous decline from day 9 onwards (Table 
2.1). Because the ΔF/Fm’ rates (measured on light-adapted corals) were consistent with the 
Fv/Fm rates (measured on dark adapted fragments), the photosynthetic capacity during 
illumination was not affected by the temperature treatment. Consistent with this 
interpretation, results showed low levels of Qm in each treatment with no significant change 
over time (Table 2.1), suggesting that photoinhibition did not occur at any time during 
exposure to heat or cold.  
Simple regressions provided a better fit to the rETRm data in each temperature 
treatment compared with piecewise regressions, indicating that the trajectory was generally 
consistent over time (Appendix Table A.1, but see also Appendix Table A.2 for a 
comparison of the slopes among the time intervals). Indeed, the rETRm rates in corals 
 
Figure 2.5 Mean maximum electron transport rate of massive Porites spp. during 30 day 
exposure to heated (31 ⁰C), ambient (26 ⁰C) or chilled (21 ⁰C) seawater. Fragments at ambient 
temperature were measured daily from day 9 to 15 and then at 3 day interval. Data points are 
averages (n = 8) with error bars for s.e.m. 
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exposed to cold and ambient remained constant between day 9 to day 30 (Figure 2.5), 
although the average rETRm was two-fold higher in the ambient treatment compared with the 
heated treatment (respectively, 40.73 ± 6.69 versus 21.63 ± 5.03). Heat exposure resulted in a 
continuous decline of rETRm (Table 2.1), starting (on day 9) at rates similar to those of corals 
exposed to ambient and decreasing to rETRm rates similar to corals exposed to cold (Figure 
2.5). 
2.4.4 Tissue composition 
The observed changes in the tissue composition did not suggest thermal acclimation 
(Figure 2.6). Cold exposure resulted in a strong decrease of the chlorophyll concentration 
(Figure 2.6 a-c and Table 2-3) with 50% less total chlorophyll present in coral tissues on day 
30 compared with the beginning of the temperature treatments (posthoc, p = 0.02). During 
heat exposure, there was an initial increase of the chlorophyll concentration in the first week  
 
 
Table 2-3 Results of the two-way analysis of variance to detect variation in the tissue 
composition between days (day 1, 7, 15, 21 and 30), treatment (chilled, ambient and heated) and 
the interaction of time and treatment. 
Response variable Factor df, residuals F value p – value 
Chlorophyll concentration Time 4, 49 5.199 0.001 
 Treatment 2, 49 9.938 0.000 
 Interaction 8, 49 1.297 0.267 
Protein concentration Time 4, 49 1.705 0.164 
 Treatment 2, 49 1.960 0.152 
 Interaction 8, 49 1.101 0.379 
Antioxidant content Time 4, 49 5.440 0.001 
 Treatment 2, 49 3.725 0.032 
 Interaction 8, 49 2.414 0.029 
Fluorescent protein content Time 4, 45 3.314 0.018 
 Treatment 2, 45 1.098 0.342 





Figure 2.6 Average chlorophyll concentration (a-c), protein concentration (d-f), relative 
antioxidant capacity (g-i) and relative fluorescence content (j-l) for massive Porites spp. after 1, 
7, 15, 21 and 30 days of exposure to chilled (21 ⁰C; left column), ambient (26 ⁰C; middle column), 
or heated (31 ⁰C; right column) seawater. Displayed are averages (n = 4) and standard error of 
the mean. Letters indicate significant differences between days following Tukey’s posthoc test, p 




Heat exposure also led to a gradual increase in antioxidant content of coral tissues 
over the course of three weeks (Figure 2.6 i), with two-fold higher antioxidant content on 
day 30 compared with the start, which could be an acclimation response that did not reach a 
steady state. Lastly, there was a significant effect of time on the relative fluorescence of coral 
tissues during exposure to changed temperature (Table 2-3), probably driven by the 
significant increase of FPs during the last week of exposure (Figure 2.6 j and l). There were 
no significant changes in the tissue composition over time of the fragments that remained at 
ambient temperature. 
 
This study aimed to define the acclimation trajectories of several holobiont and 
symbiont related physiological traits of a coral species when exposed to cold and heat. As 
expected, the performance of all traits initially declined after an abrupt change in water 
temperature (i.e., 5 °C in one day). Subsequently, performance either stabilized at a new, but 
lower, steady state or continued to decline further. Therefore, the acclimation trajectories 
observed during this study varied between ‘no compensation’ and ‘inverse compensation’. 
Several symbiont related traits (ΔFv/Fm’, Qm and rETRm) were relatively insensitive to 
temperature, although I did not capture changes in these traits immediately after the 
temperature change. Under both heat and cold exposure, the concentration of fluorescent 
proteins and antioxidants generally increased in coral tissues over time, while the chlorophyll 
concentration decreased, suggesting an accumulation of stress over time, and the ongoing 
upregulation of protective mechanisms, rather than establishment of a new steady-state . 
However, I also observed differences in the timing of responses to cold versus heat, 
supporting other evidence in the literature that heat and cold exposure triggers different 
changes in the physiology of organisms. 
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2.5.1 Are massive Porites spp. thermal generalists? 
Massive Porites spp. are generally considered to be a thermally tolerant species 
because they are less susceptible to bleaching (Marshall & Baird 2000) and bleaching-
induced mortality (Loya et al. 2001) than many other coral species. This resistance to high 
temperatures has been attributed to several physiological and morphological characteristics, 
including (i) a thicker tissue that provides the coral with resources when bleached, and 
protects the symbionts from high irradiance (Loya et al. 2001), (ii) the ability for 
heterotrophy so that during bleaching the coral does not solely rely on metabolites from the 
symbionts (Grottoli et al. 2006), (iii) a high protein turnover that makes the coral less 
vulnerable to thermal stress (Gates & Edmunds 1999), and (iv) a morphology that facilitates 
mass transfer between the coral and surrounding seawater which reduces the accumulation of 
oxygen radicals within tissues (Nakamura & Van Woesik 2001). These properties potentially 
provide the coral with a capacity to survive prolonged thermal stress and suggest that this 
species is a thermal generalist. In this study, however, I observed some large and immediate 
effects of altered temperature on the physiology of massive Porites spp., including lower 
photosynthesis and respiration rates, reduced maximum quantum yield and lower chlorophyll 
concentrations. Despite these changes, there was no mortality for the duration of the study 
with only two out of twenty fragments showing substantial bleaching near the end of the 
exposure to high temperature. This demonstrates that, despite limited thermal acclimation, 
massive Porites spp. showed a high capacity to resist mortality from thermal stress.  
An individual with a limited capacity for thermal acclimation will require a generalist 
strategy in an environment where temperature varies over time (Gabriel 2005). Although 
there are constraints to such a strategy, such as a lower maximal performance (Huey & Hertz 
1984), in highly variable thermal environments there are benefits to an individual to maintain 
consistent performance across a broad temperature range. To confirm if massive Porites spp. 
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are thermal generalists, the entire temperature range at which performance is positive must be 
measured (see subsequent Chapters). However, if massive Porites spp. are indeed thermal 
generalists, it can be expected that performance would recover rapidly after the temperature 
returned to ambient conditions. Although recovery from temperature stress was not measured 
here, other studies have reported rapid recovery of massive Porites spp. after severe stress. 
For instance, physiological traits including symbiont density and chlorophyll concentration 
recovered within 30 days following bleaching (D'Croz et al. 2001), and levels of gene 
expression returned to baseline within days following thermal stress (Kenkel et al. 2011). 
Together with the results of this study, these findings suggest that massive Porites spp. are 
both resistant and resilient to thermal stress. 
2.5.2 No beneficial acclimation 
One of the underlying assumptions about thermal acclimation is that acclimation 
should enhance the performance, or fitness, of an organism, also known as the Beneficial 
Acclimation Hypothesis (hereafter BAH, Leroi et al. 1994). However, numerous empirical 
studies on diverse taxa including plants and algae provide examples of cases where no 
beneficial acclimation was observed (see review by Angilletta 2009). For some studies, this 
was because the experimental design was more suitable for detecting developmental 
plasticity rather than beneficial acclimation (Wilson & Franklin 2002). In other cases, 
beneficial acclimation may not have been observed because, contrary to the BAH which 
assumes that acclimation is cost-free, there are costs and trade-offs involved with acclimation 
such that no acclimation may be more beneficial for the organism under certain conditions 
(Angilletta 2009). For instance, acclimation to high temperatures generally involves synthesis 
of heat shock proteins (Sørensen et al. 2003), which are energetically costly to produce and 
consume energy during functioning (Macario & Conway de Macario 2007).  
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Although my study did not directly test the BAH, none of the performance traits 
showed compensation after 30 days exposure to heat or cold. Consistent with my results, a 
well-designed study by Edmunds (2014) using massive Porites spp. did not find evidence 
supporting the BAH with respect to growth rates (holobiont response) or photosynthetic 
efficiency (symbiont response). In my study, photosynthesis and respiration rates and 
chlorophyll concentrations declined in response to both low and high temperature treatments, 
and symbiont related traits, such as Fv/Fm, Qm and rETRm, remained relatively stable in the 
cold exposed fragments but declined in the heat exposed fragments. The decreased 
chlorophyll concentration is most likely due to expulsion of symbionts and loss of 
pigmentation as a result of high thermal stress (e.g. Brown 1997). However, in this study, the 
fluorescent and antioxidant levels increased, and protein levels and Qm were relatively 
constant, which is inconsistent with high levels of tissue damage due to thermal stress. 
Fluorescent proteins play a role in the photoprotection by absorbing harmful light (Salih et al. 
2000) and as an antioxidant (Palmer et al. 2009). During heat stress, fluorescent proteins can 
enhance the resistance of corals to bleaching (Salih et al. 2000). The strong increase in 
fluorescent proteins at the end of my experiment suggests that thermal stress did increase and 
may have reached a tipping point at the time when the Pnet rates became negative. 
Several mechanisms potentially explain the lack of compensation of the holobiont 
performance following temperature change. First, changes in single traits, such as the 
upregulation of the antioxidants and fluorescent proteins may have not collectively resulted in 
a strong signal at the holobiont level. Consequently, there was no compensation of the 
holobiont performance. Second, compensation of photosynthetic performance requires 
synthesis of chlorophyll pigments, which is energetically costly and demands relatively high 
input of nitrogen which can be limiting in natural seawater (Falkowski et al. 1993, Dubinsky 
& Jokiel 1994). Hence, the carbon and nitrogen costs for chlorophyll synthesis may have 
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been too high compared to other competing metabolic processes, such as protein synthesis. 
This scenario is plausible because coral net photosynthesis rates declined over the course of 
the experiment, therefore restricting the energy supply for host metabolic processes. 
However, corals were fed regularly with Artemia, providing additional carbon, as well as 
nitrogen, phosphorus and other nutrients that cannot be supplied from photosynthesis 
(Houlbreque & Ferrier‐Pagès 2009). This may have been sufficient to sustain the lack of 
compensation of the performance. Further research is required to untangle the influence of 
nutrient availability on the capacity of massive Porites spp. to acclimate to temperature 
change.  
Lastly, it is important to note that the outcome of acclimation observed during this 
study may differ from that in the field, as ‘acclimation’ in the laboratory under controlled 
conditions is not functionally the same as ‘acclimatization’ in the natural environment where 
temperature changes are more stochastic and other variables co-vary with temperature 
(Prosser 1991). Under such conditions, thermal specialists that constantly adjust their 
physiology to meet short-term fluctuations in the thermal environment, are likely to be 
disadvantaged unless they are able to achieve partial or full compensation acclimation much 
faster than the rate observed for massive Porites spp. in this study. 
2.5.3 Cold and heat responses 
Consistent with results of Roth et al. (2012), my study shows that the thermal 
responses differ between exposure to cold and heat. Holobiont (Pnet and R) and symbiont 
performance (Fv/Fm and ΔF/Fm’) initially declined when exposed to cold, but reached a 
steady state within ~2 weeks, whereas heat exposure induced a more gradual but continuous 
decline of each of these traits until the end of the experiment. Variation in the response to 
cold and heat is likely due to strong temperature dependence of biochemical processes that 
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drive acclimation (Somero & Hochachka 1971, Prosser 1991). For instance, cold constrains 
performance by slowing the rates of biochemical reaction (Arrhenius 1915), while heat 
constrains performance due to the denaturation of proteins. Additionally, denaturation of 
proteins due to heat is an irreversible and time-dependent process (Prosser 1991), meaning 
that longer exposure at high temperature results in more proteins that denature assuming the 
temperature is high enough. Consequently, performance during heat exposure may decline 
gradually over time with a more deleterious outcome compared to cold exposure, as observed 
in my study.  
Cold exposure did not affect any of the symbiont dominated traits during my study, 
although I note that the dynamics at the onset of the temperature change were not fully 
captured. At the cellular level, the antioxidant and protein content doubled during the first 
two weeks of cold exposure, suggesting a strong initial response to cold stress, consistent 
with previous studies (Saxby et al. 2003, Roth et al. 2012). In these studies, Fv/Fm and 
chlorophyll concentrations declined in response to cold, which was related to photodamage 
and oxidative stress. However, the temperatures of this study (21 and 31 °C) were within the 
range that massive Porites spp. experience in the field and were not, therefore, extremely 
stressful. Indeed, fluorometry results did not suggest photoinhibition or damage of PSII 
during cold or heat exposure, as Qm remained relatively constant and Fv/Fm decreased 
gradually, but only in the heated treatment. This contrasts with the study of Roth et al. (2012) 
who observed a sharp increase of Qm after ~10 days exposure to 31 °C accompanied with a 
strong decrease of Fv/Fm. Such discrepancy cannot be attributed to methodology, as 
acclimation time and temperature treatment were similar between studies, but might be due to 
different inherent characteristics of the coral species (Acropora yongei is bleaching 
susceptible; Hoegh-Guldberg 1999) and associated Symbiodiniaceae genera and/or its 
thermal history.  
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2.5.4 Fluctuations versus constant temperature 
Although the temperatures used in this experiment were within the range of 
temperatures experienced by the study species in its natural environment, it is possible that 
the combination of a rapid change of temperature followed by a consistently high or low 
temperature constrained the coral’s ability to acclimate. A previous study that investigated 
the impact of slow (0.5 °C day-1) or fast (1 °C day-1) heating rate on Acropora formosa 
fragments collected around Orpheus Island showed no impact of heating rate on net 
photosynthesis rates at 30°C nor on the onset of bleaching at 33 °C (Middlebrook et al. 
2010). Although the heating (or cooling) rate in my study was faster than that used by 
Middlebrook et al. (2010), the magnitude of total increase (and decrease) in temperature was 
smaller (5 °C compared to 7 °C) suggesting that heating rate alone is unlikely to explain the 
lack of compensation acclimation observed in my study.  
In contrast, the exposure to a constant temperature after the initial change may have 
hindered the coral’s potential for acclimation. Previous studies have shown that tolerance to 
withstand lethal temperatures increases when corals are pre-exposed to sublethal 
temperatures (Jokiel & Coles 1990). Also, short (2 days) exposure to elevated temperatures 
provided corals with more photoprotective mechanisms to resist bleaching temperatures 
(Middlebrook et al. 2008), and corals from highly fluctuating environments were more heat 
tolerant than those from stable environments (Barshis et al. 2010, Oliver & Palumbi 2011). It 
is plausible that exposure to fluctuating temperature regimes with a mean temperature similar 
to the steady temperature treatments during this study, would have resulted in acclimation 
trajectories with higher compensation outcomes, as brief periods with less ‘extreme’ high or 
low temperatures could serve as temporary refuges to repair cellular damage. However, 
Putnam and Edmunds (2011) showed that diel fluctuations of 4°C resulted in a decline of 
symbiont density similar to a treatment with a constant (high) temperature. This suggests that 
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prior exposure to high temperatures leads to increased tolerance to stressful temperatures, 
rather than increased thermal acclimation capacity. Further research is necessary to 
investigate whether fluctuating temperature regimes results in a different acclimation 
trajectory.  
 
The ability for coral reefs to survive through this era of rapid climate change will be 
influenced by their capacity for acclimatization and adaptation to new environmental 
conditions. The thermally tolerant massive Porites spp. make an important contribution to the 
topographic complexity of reefs, and are among the most widespread corals on reefs globally 
(Veron 1995). This study showed that massive Porites spp. cope with changes in the thermal 
environment by tolerance rather than by acclimation, as acclimation did not occur during 
exposure to heat and resulted in ‘no compensation’ during exposure to cold. This suggests 
that massive Porites spp. do not rapidly change their physiology to suit the new temperature 
regime but, rather seems to use mechanisms that minimize the loss of performance until the 
temperature returns to normal. The symbionts were less sensitive to thermal changes, but the 
chlorophyll concentration decreased indicating a disrupted symbiosis despite no apparent 
damage of the photosystems. Furthermore, antioxidants and fluorescent proteins were 
upregulated which may have helped the coral holobiont to tolerate a stressful temperatures 
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Thermal performance curves (TPCs) describe the relation between temperature and the 
rate of biological processes. These relationships can vary among species and environments, 
allowing organisms to acclimatize to their local thermal regime. This study quantified the 
seasonal variation in the thermal performance of several coral and symbiont dominated 
physiological traits for the thermally tolerant coral species, Porites cylindrica, and thermally 
sensitive coral species, Acropora valenciennesi. Photosynthesis rates, respiration rates, 
maximum PSII quantum yield and electron transport rates were measured in winter and 
summer on coral fragments exposed to an acute temperature increase and decrease up to 5 ⁰C 
above and below the average seawater temperature in each season. Results showed that 
colonies of A. valenciennesi acclimated primarily by shifting their optimal temperature to a 
higher temperature in summer whereas colonies of P. cylindrica had broader thermal breadth 
during summer. For symbionts within both species, performance was higher at all 
temperatures in summer, while the thermal optima and performance breadth remained 
unchanged. Despite these changes in thermal performance, the thermal optima of most traits 
did not match the ambient environmental temperature, but fell between the summer and 
winter temperatures. Overall, these results showed that both coral species were 
physiologically plastic in response to temperature change, but that there are constraints on the 
rate or capacity for acclimation that prevent a perfect match between the average temperature 
of the environment and the thermal optimum of the species.  
 
Temperature influences the biology and ecology of all organisms as it determines the rate 
of biochemical and physiological reactions. Extremely high and low temperatures are lethal 
 
52 
and, therefore, influence the geographic limits of the distributions of species (Pörtner 2002). 
Within the lethal temperature limits however, most physiological functions, such as 
metabolism, locomotion and growth, perform optimally at specific temperatures (Angilletta 
2009). However, the relationship between temperature and physiological functioning varies 
among and within species due to differences in body size, life-history traits and/or genotype-
specific patterns of gene expression. For example, the maximum sprinting speed varied 
among 13 species of lizards when they were exposed to the same temperature, due to 
morphological and physiological differences (Bauwens et al. 1995). In addition, temperature 
is highly variable over time and space, meaning that physiological functions must often occur 
under conditions that are suboptimal for performance. To cope with these changes, organisms 
can adapt and/or acclimate through altering their physiology and/or morphology in order to 
optimize performance in the new environment (Pörtner 2002). 
Thermal sensitivity, defined as the degree to which an organism’s performance depends 
on its temperature (Angilletta 2009), can be understood by measuring how the rates of 
various physiological functions change over a temperature gradient. In general, these 
investigations produce and analyse a thermal performance curve (TPC) (Huey & Stevenson 
1979), or a ‘reaction norm’. Typically, TPCs capture: the rate of increase of performance as 
temperature begins to increase; the maximum performance (Pfmax) which occurs at the 
optimal temperature (Topt); and the decline in performance at temperatures above the 
optimum. The breadth of the curve (Tbr) encompasses the temperature range at which 
performance is positive. The height and breadth of the TPC (as determined by Pfmax and Tbr), 
and the position of the TPC along a temperature gradient (as determined by Topt) varies 
between species from different thermal environments. For example, when comparing the 
jumping performance of five populations of the striped marsh frog Limnodynastes peronil 
from different latitudes, Topt increased with increasing environmental temperature because 
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populations from cooler climates performed better at cooler temperatures and vice versa 
(Wilson 2001). Similarly, among lizard species from different altitudes, Topt for sprinting 
speed was lower for species restricted to high altitudes and higher for species restricted to 
low altitudes (Berkum 1986).  
The capacity to change the shape and position of the TPC depends on the phenotypic 
plasticity of the organism, defined as the ability of a genotype to express different phenotypes 
of a trait when exposed to changes in environmental conditions (Whitman & Agrawal 2009). 
In theory, an organism with infinite thermal plasticity would have the smallest possible 
thermal breadth and a Topt that constantly shifts to correspond to the environmental 
temperature. In contrast, an organism with limited thermal plasticity would have a thermal 
breadth proportional to the variance of the thermal environment and a fixed Topt that 
corresponds to the median environmental temperature (Angilletta 2009). In reality, however, 
the shape and position of the TPC are influenced by the variability and predictability of the 
thermal environment, and the time required to adjust to the new environment (Gabriel 2005). 
Therefore, Topt is likely to be a compromise between the past, current and future 
environments. Moreover, if the time required for acclimation to a new environment exceeds 
the time spent in the new environment (e.g., an organism requires more time to adjust its 
performance to correspond to winter temperatures than the actual duration of winter) Topt will 
be closer to the future temperature. In addition, Tbr is likely to vary depending on the 
predictability of the environmental change such that if environmental stochasticity increases, 
Tbr should also increase (Gabriel 2005). While these concepts can explain why certain species 
show a mismatch between the environmental temperature and their Topt, few empirical studies 
tested these predictions directly.  
Coral reefs ecosystems are particularly vulnerable to rising sea surface temperatures 
associated with climate change (Pörtner et al. 2014). Reef-building corals live within a 
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relatively narrow temperature range close to their upper thermal threshold (Jokiel & Coles 
1990, Berkelmans & Willis 1999). Heat stress is linked to coral bleaching (Brown 1997), a 
process that disrupts the relationship between the coral host and its algal symbiont 
(Symbiodiniaceae) and can lead to coral mortality. However, the response to heat stress 
differs among coral species (e.g. Loya et al. 2001). Various mechanisms can enhance coral 
tolerance to heat stress, including physiological acclimation (Coles & Brown 2003, Oliver & 
Palumbi 2011), genetic adaptation of the coral host (Howells et al. 2016) and symbionts 
(Csaszar et al. 2010, Howells et al. 2012), as well as changes in Symbiodiniaceae genera 
(Berkelmans & Van Oppen 2006, Silverstein et al. 2015). However, increased heat tolerance 
of coral-algal symbioses can result in cold intolerance (Howells et al. 2013). This means that 
physiological acclimation to summer warming needs to be reversed during winter in order to 
maintain the fitness of coral colonies and populations. Depending on the duration and 
temperature range experienced during different seasons, adopting the “wrong” thermal 
strategy will have consequences for the productivity and survival of coral reefs. Hence, 
understanding plasticity of coral thermal performance provides insight as to whether or how 
corals can adapt and acclimatise to global warming (Logan et al. 2014).  
On coral reefs, temperatures naturally vary over seasonal and diurnal cycles. At present, 
however, it is unknown whether corals cope with these temperature fluctuations via high 
thermal plasticity or via broad thermal tolerance. Previous research on corals demonstrates 
that physiological acclimation can occur on short time scales, from several weeks (Anthony 
& Hoegh-Guldberg 2003, Hoogenboom et al. 2010) to 2 days (Middlebrook et al. 2008) and 
can be reversible, which is likely to be beneficial in fluctuating environments. Evidence for 
certain coral species to increase the upper thermal threshold in summer (Berkelmans & Willis 
1999) shows that the thermal sensitivity of some corals changes between seasons, but does 
not reveal whether it is the shape or position of the TPC, or a combination of both, that varies 
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between seasons. Additionally, studies demonstrated seasonal variation in the average or 
maximal performance for a variety of physiological traits, such as symbiont density (Fitt et al. 
2000), photosynthesis rate (Scheufen et al. 2017), and calcification rate (Falter et al. 2012).  
Ulstrup et al. (2011) showed seasonal variation in photosynthesis and respiration rates for two 
coral species on the Great Barrier Reef, but this variation could have been caused by changes 
in photoperiod in addition to, or instead of, changes in temperature. To my knowledge, only 
one study has quantified the thermal performance of a coral using thermal performance 
curves (Rodolfo-Metalpa et al. 2014), but this was on a temperate coral species with colonies 
collected from different local populations with different thermal environments. Hence, it 
remains unknown whether and how tropical coral species adjust the shape and position of 
their thermal performance curves to cope with seasonal fluctuations in temperature.  
This study aimed to determine whether corals use thermal plasticity to cope with seasonal 
differences in temperature. By quantifying coral thermal performance curves in in summer 
and winter, I assessed whether the shape of the TPC (thermal breadth and maximum 
performance) and the position of the TPC (optimal temperature) changed between seasons.  
In addition, I investigated whether any shifts of the optimal temperature could optimize coral 
performance as environmental temperature varied seasonally. I hypothesized that if corals are 
able to acclimate their thermal performance following seasonal variation in temperature, their 
maximum performance will be at a higher temperature in summer, and/or the thermal breadth 
will be larger in summer than in winter. Finally, I assessed whether plasticity in the shape and 
position of the TPC was species-specific by comparing a coral species known to be tolerant 
to high temperatures with a coral species known to be sensitive to high temperatures. I 
hypothesized that the bleaching resistant species would have a higher upper thermal threshold 
than the bleaching sensitive species and that this would be the result of a wider thermal 
breadth. As thermal sensitivity is variable within a species, I additionally compared 
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performance curves between colonies for within-population (i.e. among genotype) variation. 
Finally, to investigate whether variation in the thermal performance between season and 
between species was due to plasticity of the holobiont or the symbiont, I measured 
performance traits dominated by the holobiont physiology and performance traits that were 
symbiont specific. Overall, this study provided new insight into the physiological plasticity of 
corals, which will improve our understanding of how temperature change is likely to 
influence the fitness of coral populations.  
 
3.3.1 Experimental design 
The physiological performance of two stony coral species was assessed over a range of 
temperatures in both summer and winter to determine whether their TPCs were fixed or 
plastic, and to investigate whether plasticity of the TPC could benefit corals by matching 
their optimal temperature for performance to the seasonal average temperature. Winter 
thermal performance was measured during the last week of August and first week of 
September 2015 (austral winter). Summer thermal performance was measured during the last 
two weeks of January 2016 (austral summer). Fragments of Acropora valenciennesi and 
Porites cylindrica were collected from a consistent depth at several sites around the Palm 
Islands, central Great Barrier Reef, in April 2015. Seawater temperatures are on average 29 
°C in summer and 24 °C in winter, with daily fluctuations of around 0.5 °C (obtained from 
the Australian Institute of Marine Science data-portal; AIMS 2017). The species were 
identified based on morphological characteristics and chosen for their abundance throughout 
the Great Barrier Reef, but also for their contrasting thermal sensitivity with A. valenciennesi 
being more bleaching susceptible then P. cylindrica (Loya et al. 2001, Visram & Douglas 
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2007). Previous studies commonly showed A valenciennesi harbours Cladocopium C3 
(formerly, Clade C sub-clade C3) and P. cylindrica Cladocopium C15 (formerly, Clade C 
sub-clade C15) (LaJeunesse et al. 2003, Madin et al. 2016; LaJeunesse et al. 2018). Between 
these two Cladocopium species, C3 is more sensitive to heating than C15 (Fisher et al. 2012). 
Therefore, differences in the shape and position of the performance curves between species 
and seasons were expected. A total of 50 fragments of each coral species, ~8 cm length, 5 per 
colony, were collected at depths between 4 to 6 m. Fragments were transported to Orpheus 
Island Research Station, attached to nylon string, labelled by source colony identity, and 
placed in a large (1500 l) shaded outdoor aquarium (‘raceway’). The raceway functioned as a 
holding tank where the fragments were maintained prior to and between the winter and 
summer thermal experiment. Due to unexpected high mortality mid-September, which was 
caused by several days of abnormally low temperatures in the raceway (<20 ⁰C) caused by 
cool air temperatures, fragments (25 per species, five per colony) of A. valenciennesi were re-
collected in November 2015 and P. cylindrica in December 2015. The recollected fragments 
were treated the same way as previously described and were used for the summer thermal 
experiment.  
3.3.2 Raceway conditions 
The raceway (holding tank) was supplied with seawater pumped from the reef slope in 
front of the station with a flow through rate of approximately 250 l h-1. Light levels in the 
raceway were measured hourly during two days every month with a LI-193 spherical 
underwater quantum sensor (LI-COR) at different spots in the raceway. Maximum light 
levels averaged 1172 (± 697) µmol m-2 s-1 in summer and 1132 (± 572) µmol m-2 s-1 in 
winter. Water temperature in the raceway varied naturally according to the ambient 
temperature on the reef, and was recorded with a HOBO data logger (Onset Computer 
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Corporation, Bourne, USA) set to a one hour interval. During the summer months, starting in 
December 2015, two chiller/heater units (TK-2000, TECO, Ravenna, Italy) were placed next 
to the raceway to prevent the water temperature from increasing above 31 °C (± 0.5 °C) 
which could occur at the research station as seawater was pumped across the shallow reef flat 
and held temporarily in large storage tanks. During these months, the water flow through rate 
was also increased to 500 l h-1 to help maintain a consistent water temperature. It was 
assumed that the seawater supplied adequate nutrition for the coral fragments, but every two 
weeks additional Artemia nauplii was given as a supplementary food source, during which 
water flow was interrupted for 4 hours to allow feeding. Every month the raceway and 
fragments were cleaned to minimize algal proliferation. Temperature in the raceway was 
compared with the ambient temperature on the reef slope at 5.8 m depth (Orpheus Island 
Relay Pole 1) measured by temperature loggers of the Australian Institute of Marine Science 
(AIMS 2017).  
3.3.3 Experimental conditions 
To quantify seasonal variation in thermal performance, twenty-five fragments of each 
species, five fragments from each of five colonies, were selected from the raceway and 
distributed between two additional tanks (50 l each) placed directly adjacent to the raceway. 
This design enabled manipulation of water temperature for thermal performance 
measurements without any change in the light environment to which the corals were naturally 
acclimated. The same water was supplied to the smaller tanks and the raceway, except that 
the flowrate in the 50 l tanks was lowered to 36 l h-1 to facilitate experimental temperature 
manipulation. The corals were maintained at ambient temperature in the 50 l tanks for one 
week of acclimation before starting with the measurements. Temperature in each tank was 
recorded using HOBO data loggers (Onset Computer Corporation, Bourne, USA). After 
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measuring the response variables (see below) at ambient temperature, one fragment of each 
colony was frozen at -80 °C (n = 5 per species) for later tissue analyses. Subsequently, the 
water temperature in one 50 l tank was progressively increased while the water temperature 
in the other 50 l tank was progressively decreased using a chiller/heater unit (TK-2000, 
TECO, Ravenna, Italy) connected to a pump (Aquapro AP1050, Aquatec, Perth, Australia) 
that circulated the water through the temperature control unit at a rate of 500 l h-1. Every 
morning, the water temperature was increased or decreased by 0.5 °C over the course of 12 
days, until the 50 l tanks reached either 5 °C above or below ambient temperature (the winter 
experiment was extended to 31 °C). At every 1 °C increment, five physiological response 
variables (see below) were measured. At the end of the thermal experiment, fragments were 
frozen at -80 °C and transported, frozen on dry ice, to laboratory facilities at James Cook 
University for tissue analyses.  
3.3.4 Response variables 
Although the coral holobiont is a symbiosis between coral host and symbiont, the thermal 
response of the symbiont might differ from that of the holobiont (colony). Therefore, net 
photosynthesis rates and respiration rates (predominantly a coral host response) were 
measured using oxygen respirometry to provide information about the plasticity of the 
thermal performance curve of the holobiont, and maximum PSII quantum yield and electron 
transport rate (predominantly a symbiont response) were measured to provide information 
about the plasticity of the thermal performance curve of the symbiont. All measurements 
were performed daily at the same time to allow for comparison of the physiological response 
between days. Net photosynthesis rates were measured in the morning, followed by electron 
transport rate around midday. Dark respirometry measurements were done in the afternoon 
and finished with measurements of the maximum PSII quantum yield.  
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 Holobiont response variables 
For each coral fragment, rates of net photosynthesis (Pnet) and respiration (R) were 
measured in transparent experimental cells of Plexiglass (six cells, approximately 7 cm in 
diameter and 15 cm high, ~550 ml) for one hour. Five cells were filled with filtered seawater 
(15 μm) in which a coral fragment was suspended and one cell contained only seawater to 
control for background oxygen production and/or consumption. The cells were placed in a 
water bath connected to a chiller/heater unit (TK-2000, TECO, Ravenna, Italy) to control the 
water temperature inside the cells. During 1 h, the dissolved oxygen concentration inside 
each cell was measured using oxygen probes (LDO101, Hach, Loveland, USA) connected to 
a meter device (HQ40D, Hach) at 1 min interval. The cells were placed on a submersible 
magnetic stirrer plate (MIXdrive 6, 2mag, Muenchen, Germany) and a magnetic stirrer bar 
inside each cell ensured continued mixing of the water. Pnet rates were measured at a light 
intensity of 350 µmol photons m-2 s-1 provided by two wide beam lamps (Oracle, Sylvania, 
Padstow, Australia) with 150W metal halide light. R rates were measured in the dark directly 
after the photosynthesis measurements. At the end of the respirometry measurements, corals 
were returned to their experimental tanks (50 l tanks, see above). Pnet and R rates of each 
coral were corrected by subtracting the differential oxygen concentration of the empty control 
cell and multiplying by the net water volume of the cell, which was measured for each cell 
after every respirometry measurement and accounted for the displacement volume of the 
coral fragment, oxygen probe and magnetic stirrer.  
 Symbiont response variables 
At the end of the dark respiration measurement, the maximum quantum yield (Fv/Fm) of 
photosystem (PS) II of each fragment was measured using a pulse-amplitude modulated 
(PAM) fluorometer (DIVING-PAM, Walz, Germany). Fv/Fm describes the proportion of light 
energy used for photochemistry by the (dark-adapted) symbionts. On dark-adapted fragments, 
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chlorophyll fluorescence was measured using a fiberoptic probe kept at a fixed distance (3 
mm) from the coral surface by a flexible piece of tubing placed around the probe tip. First, 
the minimal fluorescence (F0) was measured by applying a weak light pulse (<1 mol photon 
m-2 s-1) that did not induce photosynthesis and determined the proportion of open reaction 
centres of PSII. Subsequently, the maximum fluorescence (Fm) was measured by applying a 
saturating light pulse (>5,000 µmol photons m-2 s-1) that closed all PSII reaction centres and 
resulted in a greater fluorescence emission. Fv/Fm was calculated as [Fm – F0] / Fm (Schreiber 
2004). Five measurements, evenly distributed over the coral surface, were made on each coral 
fragment of which an average Fv/Fm was taken. PAM settings were as follows: Measuring 
light intensity = 8; Saturation intensity = 6; Saturation pulse width = 0.8 s; Gain = 2; 
Damping = 2. 
Immediately after the light photosynthesis measurement, rapid light curves (RLCs) were 
measured on the light-adapted fragments using the DIVING-PAM. RLCs provide 
information on the saturation characteristics of PSII electron transport (Ralph & Gademann 
2005) and were used to assess the photosynthetic capacity of PSII as a function of 
instantaneous irradiance under different temperatures. RLCs were measured using an internal 
program of the DIVING-PAM that provided a sequence of nine actinic light steps, with light 
intensities increasing from 5 to 1800 µmol photons m-2 s -1. Each illumination period lasted 
10 s and finished with a saturating pulse after each step that measured the effective PSII 
quantum yield (ΔF/Fm’), calculated as [Fm’ – F] /Fm’, where Fm’ is the maximum fluorescence 
of the light adapted sample and F is the instant fluorescence emission. The relative electron 
transport rate (rETR) was then calculated as: 
rETR = ΔF/Fm’ * PAR * 0.84 * 0.5      (Eq. 3.1) 
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where PAR was the photosynthetically active radiation, 0.84 was the assumed light 
absorbance of the sample, and 0.5 corrected for 2 photons of light required for the transport 
of 1 electron. RLCs were then created by plotting rETR against instant irradiance, from 
which the maximum rETR (rETRm) was calculated after fitting the model of Platt et al. 
(1980). 
 Chlorophyll concentration 
Chlorophyll concentrations were determined for control fragments that were frozen at the 
start of the experiment at ambient temperature (ambient group, n = 5), and for fragments that 
were frozen at the end of the experiment after exposure to 5 °C above or below ambient 
temperature (consecutively, heated and chilled group, n = 10 per group). Coral tissue was 
removed from the skeleton using an airbrush and 15 ml filtered seawater. The tissue slurry 
was homogenized using a homogenizer (T 25 Ultra-Turrax, IKA, Germany) after which 5 ml 
was centrifuged (Rotina 380R, Hettich Lab Technology, Germany) for 10 min at 5,000 g. The 
supernatant was discarded and 5 ml of 90% acetone was added to the pellet and left at 4 °C in 
darkness for 24 h to extract the chlorophyll. The extract was then centrifuged once more for 
10 min at 5,000 g, after which 200 µl of the supernatant was added in triplicates to a 
multiwell plate. Absorbance was measured at 630, 663 and 750 nm using a 
spectrophotometer (Spectramax M2 Reader, Molecular Devices, Sunnyvale, USA). 
Chlorophyll a and c2 concentrations were calculated using the equations of Jeffrey and 
Humphrey (1975a). 
3.3.5 Data normalization  
To allow for comparison between fragments, the respirometry rates and chlorophyll 
concentrations were normalized by coral skeletal surface area. Coral skeletal surface area was 
determined following the single wax dipping method described by Veal et al. (2010). Briefly, 
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the weight of the coral skeleton was recorded before and after being dipped in melted 
paraffin. The mass increase of the coated skeleton was calibrated to surface area using a 
standardized curve, which was plotted as the surface area versus mass increments of wooden 
cylinders of varying sizes. 
3.3.6 Data analyses 
Data were analysed using the statistical software R version 3.0.3 (The R Foundation for 
Statistical Computing) and graphed with Prism GraphPad Software version 7.03. 
To assess whether the temperature response of P. cylindrica and A. valenciennesi varied 
between seasons and species, nonlinear least-squares regression models were fitted to the 
data of the response variables photosynthesis rates, rETRm and Fv/Fm. Symmetrical (Gaussian 
and Quadratic) and asymmetrical functions (Modified Gaussian and Weibull) were compared 
using the Akaike information criterion (AIC; Appendix Table B.1). The following Gaussian 
function (Rodolfo-Metalpa et al. 2014) was used to fit to the data: 
P = Pfmax exp [-0.5 (abs (T – Topt) ) / Tbr )2 ]     (Eq. 3.2) 
where P is the temperature (T) dependent physiological response, Pfmax is the maximum value 
of that response, Topt is the temperature at which the response value is optimal (i.e. the mean 
value) and Tbr is the breadth of the response curve (i.e. the standard deviation). For each 
response variable, the function was first fitted to all the data pooled together regardless of 
season and species, and then fitted to the data separated by either species or season, and 
finally fitted to the data separated by both species and season. The Akaike information 
criterion (AIC) test was used to identify the model that was best supported by the data, which 
was the one with the lowest AIC value. Parameter estimates (Pfmax, Topt and Tbr) were 
calculated as the average of the colony responses for each species per season. Simple Welch 
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t-tests were used to detect differences in the parameter estimations between seasons that 
could indicate reversible acclimation. P-values were considered significant when p < 0.05. 
 Respiration data were grouped by species and season and examined by linear regression 
with temperature as covariate. Since the parameters Pfmax, Topt and Tbr could not be calculated 
as with non-linear regression, Topt was assumed to be the temperature at which the respiration 
rate was the lowest, and thermal sensitivity was measured using the temperature coefficient 
Q10, which was calculated as 
Q10 = (R2 / R1) exp 10 / (T2-T1)      (Eq. 3.3) 
where Q10 is the ratio of the respiration rates R1 and R2 measured at temperatures T1 and T2. 
Since the temperature gradient was different between seasons (19 – 31 °C in winter and 23 – 
34 °C in summer), T1 was set at 23 °C and T2 at 31 °C. The Q10 is typically around 2 for 
physiological processes (Withers 1992), and a lower Q10 indicates that respiration rates were 
less sensitive to increasing temperatures, whereas a higher Q10 indicates higher thermal 
sensitivity. In addition, a mixed effect Analysis of Variance (ANOVA) was used, with 
species and season as independent variables, temperature as the covariate and colony as 
random effect, to test whether the effect of temperature on the respiration rates differed 
between the seasons or between species. For this analysis, data were log transformed to meet 
the assumptions of homogeneity of variance and normality of the residuals. Similar to the 
model selection procedure for the non-linear regression, factors were sequentially added to 
the linear model and the fit of the model to the data was compared. To do so, the effect of 
temperature as the only predictor for the respiration rates was estimated first, then species or 
season were added as main effects in the model and finally the interaction of species and 
season with temperature was added. For consistency with the non-linear regression model 
selection procedure, AIC values were calculated and assessed at each step of the model as 
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well to see if the added variable improved the overall fit of the model to the data. In similar 
fashion was assessed whether colony as random effect improved the model fit. 
Chlorophyll data were tested for assumptions of normality (Shapiro-Wilk test, p > 0.05) 
and homogeneity of variance (Levene’s test, p > 0.05) and log transformed when assumptions 
were not met (chlorophyll data for P. cylindrica). To account for repeated measures of 
fragments from the same colonies, data were analysed using mixed effects ANOVA’s per 
species with treatment (heated and chilled) and season as fixed effect and colony as random 
effect, to detect variation in mean chlorophyll concentrations between treatments and season. 
Chlorophyll concentrations of the fragments collected at the start of the experiment at 
ambient temperature were assessed separately, using a two-way ANOVA with species and 
season as fixed effect, to detect differences in the chlorophyll concentration in summer and 
winter and across species. 
All data are averages ± standard deviation, if not reported otherwise. 
 
3.4.1 Seasonal variation in temperature 
The seawater temperature in the raceway followed the seasonal trend of the seawater 
temperature in situ (Figure 3.1). The lowest recorded temperature was in July (19.1 °C and 
21.7 °C in the raceway and on the reef slope respectively) and the highest in January (30.1 °C  
and 29.9 °C in the raceway and on reef slope respectively). Mean (winter) seawater 
temperature in the raceway during the last two weeks of August was 23.9 °C ± 0.7, hence 24 
°C was set as ambient temperature during the winter thermal experiment. Mean (summer) 
seawater temperature in the raceway during the last two weeks of January was 29.3 °C ± 0.4, 




Figure 3.1 Mean monthly temperature variation measured at Orpheus Island on the reef at 5.8 m 
depth (columns) and in the raceway (line). Dashed lines represent the temperature at the start of 
the winter thermal experiment in August 2015 (24 ⁰C) and summer thermal experiment in 
January 2016 (29 ⁰C). Seawater temperature data were recorded by in-situ data loggers of the 
Australian Institute of Marine Science (AIMS 2017). 
 
3.4.2 Holobiont response  
Photosynthesis (Pnet) rate showed a Gaussian relation with temperature (Figure 3.2 a-b), 
whereas respiration (R) rates increased linearly with increasing temperatures (Figure 3.2 c-
d). There was strong model support for seasonal and among-species variation (Table 3.1) for 
all of the measured response variables, indicating that the thermal performance varied 
between species and season.  
The thermal optimum for photosynthesis of A. valenciennesi corresponded to the 
environmental temperature in winter (24.4 ± 0.4 °C; Figure 3.2 a and Table 3.2), and 
significantly increased in summer (Welch t-test, p = 0.002; Table 3-3) but remained ~ 1 °C 
below the ambient temperature in summer (27.9 ± 1.5 °C; Table 3.2). However, in summer,   
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Table 3-1 Comparison of thermal performance curves with different combinations of data 
selection for different physiological responses. Nonlinear regression models were fitted to the 
data for net photosynthesis rate, Fv/Fm and rETRm; mixed linear regression models were fitted to 
respiration rate. Models were fitted as follows: 1) seasonal and species variation pooled together, 
referred to as “all data”; 2) only seasonal variation; 3) only species variation; 4) species and 
seasonal variation. K is number of estimated parameters in the model, delta AIC is the difference 
between the AIC value of the model and the minimum AIC value among all the models of the 
thermal response and the AIC weight represents the relative likelihood of the model. 
Thermal 
response 
Data selection K Cumulative 
AIC 
Δ AIC AIC weight 
Pnet All data 3 -699.95 419.34 8.72 x 10-92 
 Season 6 -901.03 218.26 4.02 x 10-48 
 Species 6 -821.19 298.10 1.85 x 10-65 
 Season * Species 12 -1119.30 0.00 1.00 
R All data 2 561.20 -1114.40 1.42 x 10-24 
 Season 4 601.74 -1191.48 7.76 x 10-8 
 Species 4 575.64 -1139.28 3.59 x 10-19 
 Season * Species 8 622.11 -1224.22 1.00 
Fv/Fm All data 3 -1387.04 373.94 6.31 x 10-82 
 Season 6 -1682.97 78.01 1.15 x 10-17 
 Species 6 -1424.96 336.02 1.08 x 10-73 
 Season * Species 12 -1760.98 0.00 1.00 
rETRm All data 3 4543.37 223.95 2.34 x 10-49 
 Season 6 4377.10 57.68 2.99 x 10-13 
 Species 6 4517.47 198.05 9.87 x 10-44 
 Season * Species 12 4319.42 0.00 1.00 
 
photosynthetic rate (0.51 ± 0.04 µmol O2 h-1 cm-2 versus 0.30 ± 0.06 µmol O2 h-1 cm-2 in 
winter and summer respectively). For P. cylindrica, the thermal optimum temperature for net 
photosynthesis was similar between seasons (Welch t-test, p = 0.414; Table 3-3) which was 
also below the ambient temperature in both seasons (Topt of 21.4 ± 2.4 °C and 22.8 ± 3.3 °C 
in winter and summer respectively; Figure 3.2 b and Table 3.2). Similar to A. valenciennesi, 
the breadth of the curve significantly increased in summer (12.2 ± 3.5 °C and 18.5 ± 4.7 °C in 
winter and summer respectively; Figure 3.2 b), and the maximum photosynthetic rate 
decreased (Pfmax of 0.41 ± 0.06 µmol O2 h-1 cm-2 in winter and 0.25 ± 0.02 µmol O2 h-1 cm-2 




Figure 3.2 Thermal performance curves of net photosynthesis rate (a-b), respiration rate (c-d), 
maximum PSII quantum yield (e-f) and maximum electron transport rate (g-h) measured on 
Acropora valenciennesi (left panels) and Porites cylindrica (right panels) during summer (dots) 
and winter (squares). Point are the mean values ± s.d, n = 10. Curves are fitted using least square 
non-linear regressions for all variables except respiration rate, which are linear regressions.  
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Table 3-2 Mean (± s.d.) of the parameter estimates for the net photosynthesis rate (Pnet), 
maximum quantum yield (Fv/Fm) and maximum electron transport rate (rETRm) of Acropora 
valenciennesi and Porites cylindrica colonies. *Topt for respiration rate (R) corresponds to the 













Pnet Pfmax (O2 h-1 cm-2) 0.51 ± 0.04 0.30 ± 0.06 0.41 ± 0.06 0.25 ± 0.02 
 Topt (⁰C) 24.4 ± 0.4 27.9 ± 1.5 21.4 ± 2.4 22.8 ± 3.3 
 Tbr (⁰C) 7.1 ± 1.7 10.5 ± 0.8 12.2 ± 3.5 18.5 ± 4.7 
R *Topt (⁰C) *19 *23 *19 *23 
Fv/Fm Pfmax (no unit) 0.62 ± 0.04 0.72 ± 0.01 0.58 ± 0.02 0.67 ± 0.03 
 Topt (⁰C) 27.6 ± 1.0 26.0 ± 0.8 28.0 ± 2.7 27.7 ± 0.9 
 Tbr (⁰C) 28.2 ± 4.4 30.9 ± 7.6  51.3 ± 22.7 30.3 ± 10.4 
rETRm Pfmax (no unit) 68.69 ± 7.72 78.05 ± 7.12 80.75 ± 7.23 83.59 ± 10.76 
 Topt (⁰C) 25.6 ± 0.6 28.6 ± 0.4 26.2 ± 1.1 29.2 ± 0.9 




Table 3-3 Results of Welch t-tests to detect variability between seasons in the parameter 
estimates of the thermal performance curves for net photosynthesis, maximum quantum yield 
and maximum electron transport rate.  




estimate  t-value df p-value t-value df p-value 
Pnet Pfmax  -7.242 8.639 0.000 -5.417 4.792 0.003 
  Topt  5.645 5.678 0.002 0.852 9.988 0.414 
  Tbr  4.111 5.408 0.008 2.628 9.958 0.025 
Fv/Fm Pfmax  6.033 4.492 0.003 5.756 9.942 0.000 
  Topt  -2.272 7.364 0.056 -0.217 4.583 0.837 
  Tbr  0.733 8.199 0.484 -1.928 5.216 0.109 
rETRm Pfmax  2.073 8.329 0.071 0.547 9.994 0.596 
  Topt  10.119 6.560 0.000 5.147 7.505 0.001 





the breadth of the curve became wider (Tbr of 7.1 ± 1.7 °C and 10.5 ± 0.8 °C in winter and 
summer respectively) which coincided with a significant decrease of the maximum net 
Including colony as a random effect improved the fit of the linear model for the respiration 
rates (AIC value for model without and with random effect, respectively -1184 and -1224). 
There was a positive linear relationship between temperature and the respiration rates of both 
species (Figure 3.2 c-d; mixed effects ANOVA, effect of temperature, (F(1,513) = 336.57, p 
< 0.001). In both seasons, the temperature at which the respiration rate was lowest 
corresponded to the lowest experimental temperature, which was 19 ⁰C in winter and 23 ⁰C in 
summer (Table 3.2). Furthermore, the effect of temperature on the respiration rates was 
stronger in winter than in summer (mixed effects ANOVA, interaction between temperature 
and season, F(1,513) = 55.63, p < 0.001). This was also evident by the higher Q10 values in 
winter (3.4 ± 1.8 for A. valenciennesi and 2.1 ± 0.9 for P. cylindrica) than in summer (2.7 ± 
1.0 for A. valenciennesi and 1.6 ± 0.3 for P. cylindrica). While for A. valenciennesi in 
summer there was a significant effect of temperature on the respiration rates (Q10 > 2.0), for 
P. cylindrica, this effect was absent, which might be related to the wide thermal breadth of 
Pnet in summer (Figure 3.2 b).  
3.4.3 Symbiont response 
Both symbiont response variables, maximum PSII quantum yield (Fv/Fm) and maximum 
electron transport rate (rETRm), showed a Gaussian relation with temperature (Figure 3.2 e-
h). Furthermore, similar to the response variables at holobiont level, there was strong model 
support for seasonal and among-species variation in both traits (Table 3.1).  
The performance curves for Fv/Fm of both species responded in similar fashion to the 
seasonal environmental temperature (Figure 3.2 e-f): Pfmax increased when acclimated to the 
summer temperatures, but there was no change in the thermal optimum and performance 
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breadth (Table 3-3). Although some parameter estimates appear higher (Topt of A. 
valenciennesi, Tbr of P. cylindrica) in winter than in summer (Table 3.2), the standard error 
and 95% confidence intervals around these parameter estimates were large (large error bars, 
Appendix Figure B.1), caused by substantial variation in the Topt and Tbr of symbionts within 
different coral colonies. 
The optimal temperature for performance of the rETRm was around 26 °C for both 
species in winter (Table 3.2 and Figure 3.2 g-h), which was ~ 2 °C higher than the 
environmental temperature. However, in summer, both species increased their Topt to 
correspond to the environmental temperature (28.6 ± 0.4 °C and 29.2 ± 0.9 °C for A. 
valenciennesi and P. cylindrica respectively). Likewise, both species had equally wide 
thermal breadths in winter but this significantly decreased in summer by nearly 30% for P. 
cylindrica (from 13.7 ± 1.6 °C in winter to 9.3 ± 1.4 °C in summer) and by more than 50% 
for A. valenciennesi (from 16.8 ± 6.3 °C in winter to 7.3 ± 0.5 in summer). Lastly, the height 





3.4.4 Within-population variability 
Since the objective of this study was to compare thermal plasticity among populations, 
data were aggregated across colonies and ignored the within-population (among-colony) 
variability in thermal performance. However, when non-linear and linear regressions were 
fitted to data separated by season, species as well as individually for each colony, AIC tests 
showed that this improved the fit of the model for every response variable (Appendix Table 
B.2). This indicates significant variability in the performance of colonies within local 
populations (see Chapter 6 General Discussion). Variability in Topt was particularly large for 
the holobiont response between A. valenciennesi colonies in summer (ranging from 25.8 – 
29.5 ⁰C), while in winter the magnitude of variation was reduced to less than 1 ⁰C (Figure 3.3 
a). Similarly for P. cylindrica (Figure 3.3 b), the variability in Topt between colonies for the 
holobiont response was more than double in summer compared with winter.  
 
Figure 3.3 Variation in optimal temperature between colonies of Acropora valenciennesi (a) and 
Porites cylindrica (b) during summer (filled points) and winter (open points) for net 
photosynthesis, maximum PSII quantum yield and maximum electron transport rate. Datapoints 
show Topt derived by non-linear regression of 2 or 4 fragments from the same colony. Horizontal 
lines represent the average seawater temperature measured over 90 days prior to the start of the 
winter experiment (July – August 2015) and summer experiment (October 2015 – January 2016). 
Dashed lines show the minimum and maximum temperature during those time intervals.   
CHAPTER 3 
73 
3.4.5 Chlorophyll concentration 
Chlorophyll concentrations were similar between seasons for A. valenciennesi colonies 
(Figure 3.4 a), but lower in winter for P. cylindrica colonies (Figure 3.4 b; mixed effects 
ANOVA with main effect of season, F(1,10) = 22.47, p < 0.001). The effect of thermal 
exposure on the chlorophyll concentration was not apparent in A. valenciennesi colonies 
(mixed effects ANOVA with main effect of treatment, F(1,13) = 4.64, p > 0.05), but in P. 
cylindrica, chlorophyll concentrations were lower in colonies exposed to the increased 
thermal gradient (main effect of treatment, F(1,17) = 13.81, p < 0.01). However, this effect 
was only significant in summer (main effect of treatment on chlorophyll concentration 
analysed separately for P. cylindrica colonies in summer, F(1,12) = 14.21, p = 0.01). In 
addition, chlorophyll concentrations were higher in the heated than the chilled A. 
valenciennesi colonies, whereas the opposite was observed in P. cylindrica colonies. Lastly, 
the chlorophyll concentration in fragments at ambient temperature was similar across seasons 
and between species (two-way ANOVA with season and species as main effects, respectively 




Figure 3.4 Chlorophyll concentrations of Acropora valenciennesi (a) and Porites cylindrica (b) 
measured on fragments before (ambient, n = 5) and after (chilled and heated, n = 10) completion 




This study is the first to quantify seasonal variation in the thermal optimum and thermal 
breadth of several holobiont and symbiont physiological traits for two coral species that differ 
in their responses to heat stress (bleaching tolerance). I found that at holobiont level, the 
species that is sensitive to heat stress, Acropora valenciennesi, acclimated to changing 
temperatures primarily by shifting the position of the performance curve. In contrast, the 
species that is more tolerant to heat stress, Porites cylindrica, acclimated by altering the 
performance breadth. However, at symbiont level, the performance curve only changed 
through variation in the height of the curve, while the thermal optimum and performance 
breadth remained unchanged. Furthermore, Topt of most traits did not correspond to the 
ambient environmental temperature, but fell between the summer and winter temperatures. 
Lastly, there was significant within-population variability implying among genotype 
variation, which was particularly large for the holobiont traits. Overall, these results showed 
that both species were physiologically plastic, but this plasticity was colony- and species-
specific at the holobiont level, whereas the symbiont plasticity was limited and uniform 
across both coral species. 
The holobiont performance breadth of P. cylindrica was nearly twice as wide as that of A. 
valenciennesi. To my knowledge, this study is the first to identify such differences in thermal 
acclimation strategies of coral species. A large thermal performance breadth implies that the 
holobiont physiology is relatively insensitive to changes in temperature. This is consistent 
with previous studies that reported that P. cylindrica is a resistant to thermal stress (Visram & 
Douglas 2007, Fitt et al. 2009). In contrast, a small thermal performance breadth reflects a 
sharp peaked TPC and greater thermal sensitivity. Indeed, Acropora spp. in general, and 
branching morphologies such as A. valenciennesi in particular, have been frequently reported 
to rapidly respond to small changes in the temperature of the environment, often with 
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detrimental effects including bleaching-related mortality (e.g. Loya et al. 2001, Hoogenboom 
et al. 2017).  
My study also showed that, in response to seasonal variation in the environmental 
temperature, A. valenciennesi shifted its thermal optimum for performance and changed the 
performance breadth, whereas P. cylindrica only varied the performance breadth. Such 
differences in thermal strategy despite sharing an identical thermal history supports that 
species do not perceive, or respond to, their thermal environment the same way (Angilletta et 
al. 2006). Such differences could simply be due to genetic divergence among species, but 
could also be related to species generation times. Species with longer generations are likely to 
experience greater thermal variation within generations than species with shorter generation 
times. In this case, Acropora species are generally fast-growing and reach reproductive 
maturity early (short generation time) in comparison with Porites species that are generally 
slow-growing, reach reproductive maturity later but have longer generation times (Darling et 
al. 2012, Pratchett et al. 2015, Madin et al. 2016). Consequently, P. cylindrica is more likely 
to experience thermal extremes in summer and winter within generations and, therefore, 
selection is likely to have favoured more of a thermal generalist strategy (i.e. wide 
performance breadth) compared with A. valenciennesi. Although a two-species comparison is 
limited in distinguishing between environmentally induced selection from phylogenetic 
constraint (e.g. Garland and Adolph, 1994), it is adequate to generate hypotheses for future 
research with a multispecies approach. Further study of thermal acclimation strategies for 
corals with different generation times is required to test this hypothesis. Alternatively, several 
other physiological and metabolic mechanisms also vary between the two species that may 
have influenced the thermal acclimation strategy. For example, A. valenciennesi released 
substantial amounts of mucus during respirometry, while no mucus release was observed 
with P. cylindrica. Coral mucus protects the coral from invasive microbes (Ritchie 2006), but 
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synthesis is highly costly and nearly half of the total energy acquired through carbon fixation 
is lost due to mucus release (Crossland et al. 1980) and this energy use might affect 
acclimation capacity. In addition, studies have suggested that corals with high metabolic rates 
acclimatize more effectively than those with high growth rates and low metabolic rates 
(Gates & Edmunds 1999, Loya et al. 2001). Here, a difference in the thermal strategy of A. 
valenciennesi and P. cylindrica might be the result of differences in patterns of energy 
allocation.  
Respiration and net photosynthesis rates were higher in winter than in summer, as 
observed by a vertical shift of the performance curve of both species. This shift of the 
photosynthetic performance cannot be explained by changes in the chlorophyll concentration, 
because the chlorophyll concentration at ambient temperature was constant between seasons 
and lower in winter than in summer after exposure to the thermal experiment. Likewise, the 
maximum PSII quantum yield of both species was lower in winter and the electron transport 
rate was constant between seasons for P. cylindrica and slightly enhanced in summer for A. 
valenciennesi. These results suggest that the symbionts had higher capacity for 
photosynthesis in summer, which is inconsistent with the downwards shift of the net 
photosynthetic performance curve of the holobiont. A possible explanation for the absence of 
enhanced net photosynthesis in summer might be due to costs associated with changing the 
shape (P. cylindrica) and position (A. valenciennesi) of the performance curve, i.e. costs of 
thermal acclimation. Angilletta et al. (2003) identified several tradeoffs that constrain 
performance curves due to mechanisms that underlie the expression of phenotypes. The 
allocation tradeoff dictates that increased performance of one trait at a certain temperature 
occurs at the expense of decreased performance of another trait at that temperature. For 
instance, acclimation to high summer temperatures might necessitate the production of 
protective mechanisms, such as heat-shock proteins (Feder & Hofmann 1999). Hence, despite 
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an enhanced photosynthetic capacity in summer at symbiont level, photosynthetic 
performance at holobiont level was compromised due to costs associated with thermal 
acclimation to summer temperatures. Reduced photosynthesis rates and synthesis of heat 
shock proteins have been frequently reported as consequences of elevated temperatures (Fitt 
et al. 2001). 
The Gaussian curve is frequently applied to model the relationship between temperature 
and performance (Angilletta 2006). However, in this study, linear regression provided a 
better fit to model the respiration performance, even though linear approximations should be 
avoided since they fundamentally differ from the dynamics of the biological and 
physiological processes that underlie thermal performance (Bulte & Blouin-Demers 2006). 
Nevertheless, a linear relationship between coral respiration and temperature is reported 
previously by Coles and Jokiel (1977). The most likely explanation for this is that the 
performance curve for respiration is highly asymmetrical (skewed to the left), with the 
optimum (i.e. temperature at which the respiration rate is highest) very close to the upper 
critical threshold temperature. Hence, I expect that exposure of corals to higher (more 
extreme) temperatures than the ±5 ºC range used in this study would show a rapid decline of 
the respiration performance. In a previous study on the metabolic rate of the killifish 
Fundulus heteroclitus, the authors were also unable to capture the falling phase of the curve 
because the organism’s critical thermal maximum was at temperatures slightly higher than 
those measured (Healy & Schulte 2012). In addition, interpretation of thermal optima for 
respiration rates in corals is complex, due to multiple, competing energy requiring processes. 
For instance, changes in the respiration rate may be due to changes in the energy expenditure 
for calcification (Al-Horani et al. 2003) which would be beneficial for colony growth, but 
changes in respiration can also reflect increases in the metabolic rates of the host and 
symbiont in response to stress. Increased respiration rates at elevated temperatures has been 
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demonstrated for numerous organisms, including terrestrial plants (Berry & Bjorkman 1980), 
anemones (Goulet et al. 2005) and corals (Coles & Jokiel 1977), and has been attributed to 
increased oxygen consumption at mitochondrial level (Pörtner 2002, Schulte 2015). 
Additionally, oxidative stress related to elevated temperatures induces the synthesis of 
protective mechanisms, such as superoxide dismutase and antioxidants (Fitt et al. 2009), 
which results in a linear relationship of respiration rate with temperature. 
Results showed that coral thermal acclimation rarely resulted in a perfect match between 
the thermal optima and average environmental temperatures. These results indicate that, as 
predicted by Gabriel (2005), the variability of the thermal environment, the time required for 
adjusting the physiology and the costs associated with acclimation constrain acclimation rates 
and magnitudes. At my study location, the mean environmental temperature calculated over 2 
weeks prior to the start of the experiment was 29 ⁰C in summer and 24 ⁰C in winter, but this 
mean varied by more than 1 ⁰C when calculated over the 4 week period prior to the start of 
the experiment. Such rapid fluctuations mean that the environment is less predictable and this 
reduces the benefits of acclimation. This is especially true for holobiont acclimation that 
involves restructuring or synthesizing of proteins and pigments (Black et al. 1995, Fitt et al. 
2009), uptake or expulsion of symbionts (Hoegh-Guldberg & Smith 1989, Muscatine et al. 
1991, Fitt et al. 2009), and changes in the mitochondrial density (Pörtner 2002). 
Consequently, holobiont acclimation is likely to be more time-consuming and energetically 
costly than acclimation of the photosynthetic apparatus at symbiont level, which may explain 
why the only perfectly acclimated trait to summer temperature was the electron transport rate. 
Lastly, the within-population variability of Topt showed that thermal acclimation varied 
between coral colonies. This could be due to variation in the symbiont species composition 
between colonies, or genetic variation in both the thermal tolerance and thermal plasticity. 
Such variation could be related to differences in the ‘age’ of the sampled coral colonies that 
CHAPTER 3 
79 
could drive a divergence between the current environment and the selective environment at 
the time of development (De Jong 1999). Irreversible acclimation of some phenotypic traits 
might have been established during the early developmental stages of the coral larvae and 
juveniles, and this could constrain the thermal performance and plasticity of adult colonies. 
Alternatively, small differences in the microhabitat of the sampled coral colonies might have 
resulted in differences in the thermal environment experienced by colonies, despite their 
being collected within a narrow depth and habitat range. Although further research is needed 
to determine the mechanisms underlying differences in thermal acclimation among colonies, 
my results indicate that such differences are primarily driven by the coral host, as the thermal 
performance of Symbiodiniaceae living within the two coral species was less plastic than that 
of the coral hosts.  
 
The unprecedented global coral bleaching event of 2017 (Hughes et al. 2017b) has 
highlighted the need to understand the capacity of corals to acclimate to elevated 
temperatures. Current models that project coral population dynamics in climate change 
scenarios (e.g. Hoegh-Guldberg et al. 2007) do not incorporate the reversible acclimation 
capacity of corals, or their performance at sub lethal temperatures, although both processes 
influence coral survival and fitness. This study showed that the thermally sensitive A. 
valenciennesi maximized performance between seasons by shifting the thermal optimum, 
whereas the thermally tolerant P. cylindrica maintained performance through widening the 
performance breadth. Such differences in thermal strategy imply that during summer 
warming, A. valenciennesi is likely to maintain high performance until a threshold 
temperature, after which performance will decline rapidly. In contrast, the performance of P. 
cylindrica is less affected by temperature change and therefore will decline less dramatically 
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at summer extremes. Additionally, the symbiont response to seasonal warming and cooling 
was generally consistent among the study species, and the electron transport rate was 
perfectly acclimated to the ambient temperature in both seasons. These results suggest that 
the capacity for physiological acclimation of the coral host, rather than the symbionts, will 
limit coral performance as ocean temperatures increase in the future. 
 
    
 
 
CHAPTER 4  
 
Thermal acclimation strategies of scleractinian 
corals along a latitudinal gradient on the GBR4 
 
 
 Corals bleaching around Lizard Island (March 2016) 
Acropora sp. around Orpheus Island (Dec 2015) 
Healthy reef around Heron Island (Feb 2017) 
                                                 
4 This chapter is prepared for a theme issue of Phil Trans of the Royal Society entitled ‘Physiological 




Species have evolved different thermal strategies, associated with a wide range of 
physiological, morphological and behavioural responses, to cope with spatial and temporal 
thermal heterogeneity. Species with broad spatial distributions may be thermal generalists 
that perform well across a broad range of temperatures, or they might contain subpopulations 
of locally-adapted thermal specialists. Here I quantified the variation in thermal performance 
of two coral species that both have broad geographic distributions along a latitudinal 
temperature gradient on the Great Barrier Reef. The thermal performance of a bleaching 
tolerant coral species, Porites cylindrica, was compared with that of a bleaching sensitive 
coral species, Acropora spp., at Lizard Island (northern GBR, 14°S), Orpheus Island (central 
GBR, 18°S) and Heron Island (southern GBR, 23°S). Photosynthesis rates, respiration rates, 
maximum quantum yield and maximum electron transport rates were measured on coral 
fragments exposed to an acute temperature increase and decrease up to 5 °C above and below 
the local environmental temperature. Results showed that despite the geographic variation in 
the performance curves of both species at holobiont and symbiont level, this did not lead to 
an alignment of the optimal temperature for performance with the average temperature of the 
local environment, suggesting that the capacity for local thermal acclimation of the coral 
populations was constrained. Furthermore, symbiont thermal performance generally had an 
optimum closer to the average environmental temperature than did holobiont performance, 
suggesting that symbionts have a higher capacity for acclimation than the coral host, 




Many species have wide geographic distributions that cover broad latitudinal gradients 
and a correspondingly broad range of environmental conditions. For instance, populations 
that reside at higher latitudes are exposed to colder environments than populations that occur 
around the equator (Sunday et al. 2012), and the thermal environment is generally more 
variable at higher latitudes compared with at the equator (Stevens 1989). To cope with the 
thermal heterogeneity along latitudinal gradients, species have evolved to have different 
thermal strategies associated with a wide range of physiologic, morphologic and behavioural 
responses (e.g., Angilletta 2009). For instance, some species rely on heat absorption for 
optimal functioning, while others have evolved a morphology that facilitates heat dissipation 
(such as larger limbs or ears; Allen 1877), and yet others use behavioural strategies to escape 
the heat of the day by being active at night. Consequently, two species may tolerate a similar 
range of temperatures, and occupy the same geographic range, using very different strategies 
to cope with temperature variation. 
The relationship between temperature and a trait can be fixed or (more or less) plastic 
along a temperature gradient (Angilletta 2009, Schulte et al. 2011). Plasticity of this 
relationship may lead to thermal acclimation, defined here as the adjustment of a 
physiological trait in response to changes in the environmental temperature that alters the 
performance to enhance fitness. When acclimation in response to temperature occurs during 
early life (known as developmental acclimation), the changes in the specific trait can become 
fixed during the life of the organism (Kinne 1962). Alternatively or simultaneously, 
acclimation can occur constantly throughout an organism’s life in a process known as 
reversible acclimation (Whitman & Agrawal 2009). As it results in a fixed response to 
temperature, developmental acclimation only maximises fitness if that fixed response is 
optimal under the spatial and temporal heterogeneity of the thermal environment (Berrigan & 
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Scheiner 2004). For instance, if the environment varies over a long temporal scale that 
exceeds the lifetime of an individual (coarse-grained, sensu Levins 1968), then the individual 
experiences a largely homogeneous thermal environment that makes a plastic response 
unnecessary. Similarly, if the thermal environment varies among sites, but not within sites, a 
fixed temperature response would be expected at each site with variation in that fixed 
response observed among sites. In contrast, if the thermal environment varies during the 
lifetime of an individual and also varies among locations (fine-grained, sensu Levins 1968), 
reversible acclimation is required (e.g. Chapter 3), with different and plastic temperature 
responses expected at different sites. Through mathematical modelling, there is extensive 
theoretical literature on the optimal acclimation strategies given a certain thermal 
environment (e.g. Gabriel & Lynch 1992, Gilchrist 1995, Gabriel 1999, Gabriel 2005), but 
empirical evidence is ambiguous, with numerous studies showing contradicting patterns (see 
review by Angilletta 2009). Reasons for this can be maladapted genotypes or phenotypes that 
enter the local populations (Gilchrist and Kingsolver, 2001), or constraints that inhibit the 
phenotype to reach the optimum, such as trade-offs on the energy-budget (Angilletta et al. 
2003).  
According to the scenarios mentioned above, three general thermal strategies could arise 
within species that have broad geographic distributions (Angilletta 2009). First, the 
relationship between temperature and performance could be fixed requiring a broad thermal 
tolerance according to the entire temperature gradient the species encounters throughout its 
geographic distribution (Figure 4.1 a). This ‘non-plastic thermal generalist’ strategy is likely 
to occur if gene flow among local populations prevents local adaptation (Slatkin 1987), if 
temperature fluctuations are rapid and unpredictable making acclimation ineffective 
(Gilchrist 1995), or if the costs of plasticity outweigh the benefits (DeWitt et al. 1998). 
Alternatively, a species might select specific thermal microhabitats within its geographic 
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range, by way of behaviour or through habitat selection at settlement, such that it experiences 
a homogenous thermal environment and reversible acclimation is not required. Such “non-
plastic thermal specialist” species (Figure 4.1 b) can be expected to have higher maximal 




Figure 4.1 Hypothetical thermal strategies of a species over the temperature gradient along its 
distribution range. A species may be a non-plastic thermal generalist (a) when it experiences a 
heterogeneous thermal environment but lacks the capacity for acclimation. Alternatively, a 
species can be a non-plastic thermal specialist (b) when it experiences a homogeneous thermal 
environment thus does not need the capacity for acclimation. Or, a species can be a plastic thermal 
specialist (c) as developmental acclimation enables subpopulations to maximize performance 
within homogeneous thermal sites thereby allowing the species to have an overall geographic 




perceive the thermal environment as heterogeneous among populations, but homogenous 
within populations (Gilchrist 1995). Such species can maximize performance within each 
population through developmental acclimation, and/or local adaptation in cases where 
populations are isolated, and can be referred to as plastic thermal specialists (Figure 4.1 c). 
Consequently, a plastic thermal specialist species can survive under a similar range of 
temperatures to that of a non-plastic thermal generalist species, but uses a very different 
strategy to do so. 
Thermal performance curves (TPCs) are widely used to quantify the thermal sensitivity of 
species (see review by Angilletta 2009). TPCs show the instantaneous performance of an 
organism in response to short-term (acute) environmental fluctuations along a temperature 
gradient (Huey and Stephenson, 1979). Typically this produces a curve from which three 
important parameters can be derived (Huey & Kingsolver 1989): the maximal performance 
(Pfmax), the temperature for optimal performance (Topt), and the temperature range over which 
the performance is positive, known as the thermal breadth (Tbr). Through developmental and 
reversible acclimation, the shape and position of the curve can change in response to changes 
in the thermal environment (Kingsolver et al. 2001). Each shift represents a trade-off between 
the cost of acclimation and the benefit gained from enhancing performance in the changed 
environment (Angilletta et al. 2003). For instance, increasing Topt will enhance performance 
in warm environments, but can be costly if the environmental temperature decreases 
unpredictably. Likewise, increasing Tbr will enhance performance in thermally heterogeneous 
environments, but comes at the cost of decreased Pfmax (Huey & Hertz 1984). Thus, to 
maximize performance it is important to select a thermal strategy that corresponds to the 
present and future thermal environment. 
A complicating factor to the idealised thermal strategies described previously (Figure 
4.1) is that nearly all environments vary both within and among populations, particularly for 
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long-lived species that have wide geographic distributions. Theory predicts that in such 
scenarios, shifting Topt through developmental acclimation is only beneficial if the thermal 
heterogeneity among sites is greater than within sites (Gabriel & Lynch 1992; Kassen 2002), 
and environmental cues are accurate (Moran 1992). Additionally, increasing Tbr is only 
beneficial if the temperature does indeed fluctuate during the organism’s lifetime, because 
increased thermal breadth comes at the cost of reduced Pfmax (Huey & Hertz 1984). In 
summary, the thermal generalist strategy enables species to have positive performance across 
a wide temperature range, but allows for misinterpretation of environmental cues (Kassen 
2002). For instance, a large meta-study involving a global data set of vertebrate species 
showed that high seasonal temperature variability and low diurnal temperature variability 
both favour thermal generalist species over thermal specialists (Chan et al. 2016). In contrast, 
developmental acclimation allows a plastic thermal specialist to maximize performance 
within a narrow temperature range but comes at the costs of poor performance when 
environmental cues are not accurate (Kassen 2002). Accordingly, studies proposed that 
global warming provides thermal generalists with greater advantages compared to thermal 
specialists (Stillman 2003, Dillon et al. 2010, Tewksbury et al. 2008, Huey et al. 2012). 
Lastly, TPCs vary between traits due to different proximate mechanisms that underlie the 
phenotypic expression (Angilletta et al. 2003). Therefore, the performance of multiple traits 
at various levels of biological organization should be measured when comparing TPCs of 
populations along a latitudinal cline (e.g., see review by Chown & Gaston 2016). 
Global warming threatens many ecosystems, and coral reefs in particular (Pörtner et al. 
2014). Corals reefs are among the most productive and biologically diverse ecosystems on 
Earth and provide valuable goods and services, such as fisheries, tourism, aesthetic and 
cultural values to vast numbers of people (Moberg & Folke 1999). However, reefs are known 
to be negatively affected by temperature change (Hoegh-Guldberg 1999). The Great Barrier 
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Reef (GBR) off the coast in northeastern Australia is the world’s largest coral reef ecosystem 
containing ~3,000 individual reefs that extends over 14 degrees of latitude (10°40`S to 
24°30`S). Accordingly, there is a thermal gradient along the GBR with a cooler and more 
variable thermal environment in the southern GBR and a warmer and more stable thermal 
environment towards the northern GBR (AIMS 2017). However, most of the ~450 hard coral 
species that are found in the GBR have distribution ranges throughout the entire GBR, and 
many are broadly distributed throughout the Indo-Pacific (Hughes et al. 2013). Consequently, 
the thermal environment these species experience varies significantly across space and 
through time. However, it is unknown whether these species are thermal generalists, non-
plastic thermal specialists or plastic thermal specialists.  
Despite their broad geographic distributions, corals are sensitive to temperature change, 
with both hot and cold leading to breakdown of the symbiosis between corals and their 
photosynthetic algae (i.e., coral bleaching). To date, studies of coral thermal biology have 
mostly focused on identifying the upper thermal thresholds for coral bleaching and survival 
(e.g., see Berkelmans & Willis 1999, Fitt et al. 2001, Loya et al. 2001). The few studies that 
investigated coral performance over a temperature gradient are ambiguous about the species-
specific and environmental controls on coral thermal tolerance. For instance, Topt for growth 
of the tropical species Pocillopora damicornis varied between populations with different 
thermal environments (Clausen & Roth 1975) suggesting a plastic thermal specialist strategy 
whereas another study showed no difference in Topt for net productivity of Montastraea 
annularis among populations (Castillo & Helmuth 2005). Moreover, a recent study showed 
that there was no variation in the Topt, for multiple coral host and symbiont related 
performance traits for Mediterranean corals from populations with different thermal 
environments (Rodolfo-Metalpa et al. 2014), suggesting a thermal generalist strategy. Studies 
comparing the thermal performance of multiple coral species, and across multiple 
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physiological traits, are required to assess whether and how thermal tolerance strategies differ 
among species.  
The overarching aim of this study was to determine whether and how the coral thermal 
physiology varies between species and among populations distributed over a latitudinal 
gradient in the GBR, and thereby assess their thermal tolerance strategy. Therefore, I 
investigated the shape and position of the thermal performance curve of two coral species 
from three populations with different thermal environments. This method allowed me to 
answer whether the corals from these populations were acclimated to their specific thermal 
environment, suggesting a plastic thermal specialist strategy, or if they shared a common 
thermal performance curve, suggesting a non-plastic thermal generalist strategy. Aditionally, 
I investigated how the thermal strategy varied between species that experience a similar 
thermal range acros their geographic distribution. Assuming that there was limited gene flow 
between reefs (Ayre & Hughes 2000), the thermal performance curves should vary 
predictably along the latitudinal gradient. I hypothesized that the corals from the southern 
reef have their Topt at a lower temperature than the corals from the central or northern reefs, 
and that the Tbr increases with increasing thermal heterogeneity. Knowledge of the plasticity 
of the thermal performance of coral species and their thermal tolerance strategies will provide 
insight into how global warming might shape coral reefs, as a plastic thermal specialist 





4.3.1 Experimental design 
Thermal performance curves were quantified for two stony coral species at three different 
locations on the Great Barrier Reef (GBR) to assess the species’ thermal tolerance strategy 
and determine whether the populations were acclimated to the local thermal environment. 
The study locations (Figure 4.2 a) occurred along a latitudinal thermal gradient between 
Lizard Island (LI) situated in the northern GBR (14° 40′ 08″ S 145° 27′ 34″ E), Orpheus 
Island (OI) in the central GBR (18° 37′ 06″ S 146° 29′ 37″ E) and Heron Island (HI) in the 
southern GBR (23°26'18.71" S 151°54'30.23" E). LI and HI are both further offshore (~30 
km and ~80 km respectively) compared with OI (~17 km), and the latter generally 
experiences higher turbidity. Seawater temperature data were recorded by in-situ data loggers 
deployed by the Australian Institute of Marine Science (AIMS 2017) at LI, OI and HI at a 
 
 
Figure 4.2 Coral collection and experimental study sites (a) located along a latitudinal gradient 
in Great Barrier Reef and monthly average seawater temperatures from January 2016 to April 
2017 at Lizard Island at 10.1 meters depth, Orpheus Island at 5.8 m depth and Heron Island at 5.4 
m depth (b). Dashed lines indicate the average ambient temperatures at the start of the thermal 




depth of 10.1 m, 5.8 m and 5.4 m respectively. Temperatures were recorded at an interval of 
30 minutes year-round, but for this study, data collected from December 2015 to March 2017 
were analysed  
Fragments of Acropora valenciennesi (at OI), Acropora intermedia (at HI and LI) and 
Porites cylindrica (at LI, OI and HI) were collected (identification was based on 
morphological characteristics). Two species of Acropora were sampled due to their local 
abundances at the study locations but both A. valenciennesi and A. intermedia have similar 
morphologies (arborescent branching), symbiont communities (Cladocopium C3; LaJeunesse 
et al. 2003, Madin et al. 2016; LaJeunesse et al. 2018) and both are sensitive to high 
temperatures (Hoogenboom et al. 2017), whereas P. cylindrica contains Cladocopium C15 
(LaJeunesse et al. 2003, Madin et al. 2016; LaJeunesse et al. 2018) and is more tolerant to 
high temperatures (Loya et al. 2001). Between-genus differences in the shape and position of 
the thermal performance curves were therefore expected. A total of twenty-five fragments of 
each species, five per colony, were collected at depths between 4 to 6 m by SCUBA diving 
on reefs adjacent to each island research station. Around Orpheus Island Research Station, 
coral fragments were collected in November and December 2015, with the thermal 
experiment starting on January 25 2016. Around Lizard Island Research Station, coral 
fragments were collected mid-February 2016, with the thermal experiment starting on March 
2 2016. Around Heron Island Research Station, fragments were collected mid-February 2017, 
with the thermal experiment starting on March 6 2017. The duration of the thermal 
experiments meant that data collection could not be collected at all locations in the same 
season in a single year. 
After collection, fragments were directly transported to the research station, attached to 
nylon string, labelled to keep track of colony identity, and randomly distributed among two 
large (50 L) shaded outdoor tanks. The tanks received a constant supply of new seawater at 
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ambient temperature pumped from the adjacent reef flat. The average (and maximum) 
seawater temperature measured over two weeks prior to the start of the thermal experiment 
on the reef flat was 29.9 (30.7) ⁰C at LI, 29.3 (30.2) ⁰C at OI and 27.6 (28.8) ⁰C at HI (Figure 
4.2 b). Hence, the experimental temperature (Texp) at the start of the thermal experiment, 
representing ambient conditions, was set at 28 ⁰C for HI, 29 ⁰C for OI and 30 ⁰C for LI. 
Fragments were given at least 1 week to recover from collection and acclimate to the tank 
conditions before starting the measurements. 
Care was taken to minimize variation in the experimental procedure at each research 
station and the following description of the thermal experiment applies to each location, 
unless specified. The summer thermal experiment of Chapter 3 was used to represent the 
thermal performance of the corals at OI. Briefly, corals were divided into two groups (two 
fragments of each colony per group); one group was exposed to progressively lower 
temperatures, while the other group was exposed to progressively higher temperatures. This 
design enabled calculation of two TPCs for each colony over the entire temperature gradient. 
After at least one week of acclimation to tank conditions, various physiological response 
variables (see below) were measured for each colony at ambient temperature, after which one 
fragment of each colony was immediately frozen at -80 °C (n = 5) for subsequent tissue 
analyses. After that, every day, the water temperature in each tank was increased, or 
decreased, by 0.5 °C using a chiller/heater unit (TK-2000, TECO, Ravenna, Italy) connected 
to a pump (Aquapro AP1050, Aquatec, Perth, Australia) that circulated the water at a rate of 
500 l h-1. This continued during 10 days, resulting in a total temperature change of 5 °C 
above and below ambient temperature. After every 1 °C increment, each response variable 
was measured, as an indicator for the performance of the coral fragment at that temperature. 
Qualitative observations were made about the coral colour (paleness) and tentacle expansion 
of the fragments in the holding tank twice per day (morning and evening). At the end of the 
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thermal experiment, fragments were frozen at -80 °C and subsequently transported to 
laboratory facilities at James Cook University for tissue analyses.  
4.3.2 Response variables 
Different response variables were measured in order to differentiate between the thermal 
responses of the holobiont versus the photosynthetic symbionts specifically. Photosynthesis 
and respiration rates, measured using oxygen respirometry, are mostly dominated by the coral 
host physiology because the biomass of the coral tissue is much larger than the biomass of the 
symbionts (Muscatine et al. 1981). Maximum quantum yield and electron transport rate were 
measured using fluorometry, as a proxy for the symbiont response, because this measuring 
technique quantifies the fluorescence signal from the photosynthetic pigments within the 
symbionts specifically.  
 Holobiont response variables 
For each coral fragment, rates of net photosynthesis (Pn) and respiration (R) were 
measured in transparent experimental cells (6 cells, 550 ml ± 5 ml) for 1 h. Five cells were 
filled with filtered seawater (15 μm) and included one coral fragment, and a separate control 
cell contained only filtered seawater (15 μm) to account for background respiration of 
microorganisms in the seawater. The cells were placed on a submersible magnetic stirrer 
plate (MIXdrive 6, 2mag, Munich, Germany) in a water bath that controlled the water 
temperature inside the cells. A magnetic stirrer bar inside each cell ensured continued mixing 
of the water. The temperature of the water bath was controlled by a chiller/heater unit (TK-
2000, TECO, Ravenna, Italy). The dissolved oxygen concentration inside each cell was 
measured at 1 min intervals for a duration of 1 h using oxygen probes (LDO101, Hach, 
Loveland, USA) connected to a meter device (HQ40D, Hach). Pnet rates were measured at a 
light intensity of 350 µmol photons m-2 s-1 provided by led lights (R420r, 180 W, Maxspect 
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Razor). At OI, for logistical reasons, 2 wide beam lamps (Oracle, Sylvania, Padstow, 
Australia) with 150W metal halide bulbs were used and provided a similar light intensity. R 
rates were measured in the dark directly after the photosynthesis measurements for a duration 
of 1 h. At the end of the respirometry measurements, corals were returned to their original 
tanks. Pnet and R rates of each coral were corrected for background oxygen 
consumption/production by subtracting the differential oxygen concentration of the empty 
control cell, and multiplying by the water volume of the cell. Data were normalized by coral 
skeletal surface area using the wax dipping method described by Veal et al. (2010). Briefly, 
the weight of the coral skeleton was recorded before and after being dipped in melted 
paraffin. The mass increase of the coated skeleton was calibrated to surface area using a 
standardized curve, which was generated using the surface area versus mass increments of 
wax-dipped wooden cylinders of varying (known) sizes. 
 Symbiont response variables 
After finishing the dark respirometry, the maximum quantum yield (Fv/Fm) of 
photosystem (PS) II was measured on the dark-adapted fragments using a pulse-amplitude 
modulated fluorometer (DIVING-PAM, Walz, Germany). Fv/Fm describes the maximum 
capacity of open PS II reaction centres (within the symbiont) to capture light energy which is 
used for photosynthesis (Suggett et al. 2010). Quantification of Fv/Fm over a temperature 
gradient provides an indication of the PS II activity, or ‘performance’, of the symbiont at 
each temperature increment. Chlorophyll fluorescence was measured on dark-adapted coral 
fragments using a fiberoptic probe that was at a fixed distance (~3 mm) from the coral 
surface with a flexible piece of tubing placed around the probe tip. First, a weak light pulse 
(<1 mol photon m-2 s-1) was emitted to determine the minimum fluorescence (F0), which 
represents the proportion of open reaction centres of PSII (Suggett et al. 2010). Subsequently, 
a saturating light pulse (> 5,000 µmol photons m-2 s-1) was applied that closed all PSII 
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reaction centres and was used to determine the maximum fluorescence (Fm). The maximum 
quantum yield, here referred to as maximum quantum yield (Fv/Fm) was calculated as [Fm – 
F0] / Fm (Schreiber 2004). On each coral fragment, five measurements, evenly distributed 
over the coral surface, were made from which an average Fv/Fm was calculated. 
In addition, after finishing the light respirometry, rapid light curves (RLCs) were 
measured on the light-adapted coral fragments using the DIVING-PAM. RLCs provide 
information on the saturation characteristics of the electron transport and the photosynthetic 
performance of the symbiont (Ralph & Gademann 2005). Here, RLCs were used to assess the 
photosynthetic capacity of PSII at different temperatures as a function of instantaneous 
irradiance after illumination for a fixed time period. RLCs were measured using an internal 
program of the DIVING-PAM that provided a sequence of 9 light steps, with light intensities 
increasing from 5 to 1800 µmol photons m-2 s -1 (Light-Curve Intensity 2). Each illumination 
period lasted 10 s and finished with a saturating pulse that measured the effective quantum 
yield (ΔF/Fm’), calculated as [Fm’ – F] /Fm’, where Fm’ is the maximum fluorescence of the 
light adapted sample and F is the instant fluorescence emission. The relative electron 
transport rate (rETR) was then calculated as: 
rETR = ΔF/Fm’ * PAR * 0.84 * 0.5     (Eqn. 4.1) 
where PAR is the photosynthetically active radiation, 0.84 is the assumed light absorbance of 
the sample, and 0.5 corrects for 2 photons of light required for the transport of 1 electron. 
RLCs were created by plotting rETR against instant irradiance, from which the maximum 
rETR (rETRm) was taken from the plot. 
 Chlorophyll concentration 
Chlorophyll concentrations were determined as an indication for the total photosynthetic 
capacity of the corals at each site. Heat and cold can lead to damage of the photosystems, 
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which affects the photosynthetic capacity of the symbiont and holobiont (Roth et al. 2012). 
Therefore, chlorophyll concentrations were measured in fragments sampled at the start of the 
experiment at ambient temperature (ambient group, N = 5) and in fragments sampled at the 
end of the experiment after exposure to 5 °C above or below ambient temperature 
(consecutively, heated and chilled group, N = 10 per group). Coral tissue was removed from 
the skeleton using an airbrush and 15 ml filtered (15 μm) seawater. The tissue slurry was 
homogenized using a homogenizer (T 25 Ultra-Turrax, IKA, Germany) and centrifuged for 
10 min at 5,000 k (Rotina 380R, Hettich Lab Technology, Germany). The supernatant was 
discarded and 5 ml of 90% acetone was added to the pellet and left at 4 °C in darkness 
overnight to extract the chlorophyll. The solution was then centrifuged once more for 10 min 
at 5,000 k, after which 200 µl of the supernatant was added in triplicates to a multiplate well. 
Absorbance was measured at 630, 663 and 750 nm using a spectrophotometer (Spectramax 
M2 Reader, Molecular Devices, Sunnyvale, USA). Chlorophyll a and c2 concentrations were 
calculated using the equations of Jeffrey and Humphrey (1975b) and normalized by skeletal 
surface area, measured as described above. 
4.3.3 Data analyses 
Data were analysed using the statistical software R version 3.0.3 (The R Foundation for 
Statistical Computing) and graphed with Prism GraphPad Software version 7.03. 
To assess whether the temperature response of Porites cylindrica and Acropora spp. 
varied between locations and species, nonlinear least-squares regression models were fitted to 
the data for each response variable (Pnet, R, Fv/Fm and rETRm). A symmetrical Gaussian 
function was chosen over an asymmetrical function as this provided a better fit with fewer 
parameters (Angilletta 2006, see Appendix Table C.1). The following Gaussian function 
(Rodolfo-Metalpa et al. 2014) was used: 
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P = Pfmax exp [-0.5 (abs (T – Topt) ) / Tbr )2 ]    (Eq. 4.2) 
where P is the temperature (T) dependent physiological response, Pfmax is the maximum value 
of that response, Topt is the temperature at which the response value is optimal (i.e. the mean 
value) and Tbr provides a measure of the breadth of the response curve (i.e., the standard 
deviation).  
For each response variable, the function was first fitted to all the data pooled together 
regardless of location and species, then fitted to the data separated by either species or 
location, then to the data separated by both species and location, and finally to the data 
separately for each coral colony of each species and at each location. The Akaike Information 
Criterion (AIC) was used to assess whether the shape of the thermal performance curve 
differed significantly between species and among locations. To do this, I summed the AIC 
values over the multiple fits of the equation to different divisions of the data, and chose the 
division of the data with the lowest summed AIC value as the model that was most strongly 
supported by the data.  
As the overall aim of this study was to determine whether coral populations are 
acclimated and/or adapted to the thermal regime of their local environment, I focused 
primarily on the average responses of the species at each site. Therefore, the population 
response was calculated for each parameter of the TPC (Pmax, Topt and Tbr) by averaging the 
colony responses at every location (per species). A one-way analyses of variance (ANOVA) 
was used to detect differences in the parameter estimations between the populations. When 
there were significant differences, Tukey post-hoc analyses were performed. P-values were 
considered significant when p < 0.05. 
Chlorophyll data were tested for assumptions of normality using the Shapiro-Wilk test 
and Levene’s test for homogeneity of variance. Data were log transformed (for Acropora) or 
square root transformed (for Porites) when the assumption of homogeneity was violated. 
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Considering the repeated measurement of multiple coral fragments from individual coral 
colonies, data were analysed separately for each species using mixed effects ANOVAs with 
treatment (heated and chilled) and location as fixed effects and colony as random effect, to 
detect differences in mean chlorophyll concentrations within species across location and 
treatment. Chlorophyll concentrations of the fragments collected at the start of the experiment 
at ambient temperature were analysed separately, using a two-way ANOVA with species and 
location as main effect, to detect differences in the chlorophyll concentration between 
locations and species and a post-hoc Tukey test to detect which locations differed. 
 
4.4.1 Thermal environment at sampling sites 
During the thermal experiments at each site, the average (and maximum) seawater 
temperature was 29.4 (30.2) ⁰C at OI in January 2016, 29.7 (30.7) ⁰C at LI in February 2016 
and 27.6 (29.1) ⁰C at HI in February 2017. Temperature data were not available for LI during 
December 2015 and January 2016, but overall, seawater temperatures were distinctly lower at 
HI compared with OI and LI, with the latter two sites having similar summer temperatures 
(Table 4.1). However, in winter, OI experienced cooler temperatures than LI and therefore 
the annual variability in temperature was larger at OI than at LI (minimum and maximum 
temperature in 2016/2017 at OI was 22.2 ⁰C to 31.0 ⁰C and at LI 24.2 ⁰C to 30.8 ⁰C). The 
annual temperature variability was even greater at HI, where temperature fluctuated from 
18.1 ⁰C to 29.1 ⁰C in 2016/2017, which was 1.7 times larger than the fluctuation at LI and 1.3 
times larger than that at OI. Additionally, LI experienced higher sustained temperatures than 
OI in February and March 2016, with 100% of hourly data above 29 ⁰C and 44% above 30 ⁰C 
at LI compared with 71% of the hours above 29 ⁰C and only 3% above 30 ⁰C at OI).  
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Table 4-1 Summary of the seawater temperatures at Heron Island (at 5.4 m depth), Orpheus 
Island (at 5.8 m depth) and Lizard Island (at 10.1 m depth) analysed over the period December 1 
to March 31 in the years 2015 – 2016 and 2016 – 2017. Underlined text shows the data that 
defined the thermal environment prior to the thermal experiment at each location. At Lizard 
Island in 2015 – 2016, data were not recorded during December and January. Data sourced from 
the Australian Institute of Marine Science (AIMS 2017). 
   2015 - 2016   2016 - 2017  
  HI OI LI HI OI LI 
Average T  Dec 25.6 ± 0.4 28.7 ± 0.2 n.a 26.0 ± 0.3 28.7 ± 0.2 28.4 ± 0.1 
± st. dev Jan 26.6 ± 0.3 29.4 ± 0.2 n.a 26.8 ± 0.3 29.8 ± 0.2 29.5 ± 0.1 
 Feb 27.2 ± 0.3 29.3 ± 0.3 29.8 ± 0.1 27.6 ± 0.3 29.8 ± 0.1 29.7 ± 0.1 
 Mar 27.2 ± 0.4 29.2 ± 0.1 30.1 ± 0.1 27.6 ± 0.3 29.8 ± 0.2 29.9 ± 0.1 
Min – Max T Dec 22.8 - 27.1 27.3 - 29.6 n.a 24.0 - 27.7 26.5 - 29.7 27.8 - 29.2 
 Jan 24.2 - 28.8 28.4 - 30.4 n.a 25.2 - 28.5 29.0 - 31.0 28.6 - 30.5 
 Feb 25.5 - 28.8 26.7 - 30.6 29.3 - 30.7 25.7 - 29.1 29.4 - 30.8 29.0 - 30.6 
 Mar 25.6 - 28.5 28.3 - 30.1 29.5 - 30.8 26.3 - 28.9 29.2 - 30.9 29.2 - 30.8 
Variability  
(min-max)  10.5 9.4 8.0 11.0 8.7 6.5 
% hrs > 28 ⁰C Dec 0 97 n.a 0 99 94 
 Jan 2 100 n.a 0 100 100 
 Feb 2 93 100 13 100 100 
 Mar 1 100 100 15 100 100 
% hrs > 29 ⁰C Dec 0 29 n.a 0 24 1 
 Jan 0 83 n.a 0 100 82 
 Feb 0 77 100 0 100 100 
 Mar 0 65 100 0 100 100 
% hrs > 30 ⁰C Dec 0 0 n.a 0 0 0 
 Jan 0 4 n.a 0 30 12 
 Feb 0 6 24 0 13 13 
 Mar 0 0 68 0 21 39 
 
 
4.4.2 Thermal performance 
The experimental coral fragments showed high survival during the experiments, with 
93% of fragments remaining alive at the end of the thermal experiment. During the 
experiment at LI, all 4 fragments from one Acropora colony showed tissue necrosis after Texp 
+3 ⁰C and Texp - 4 ⁰C. These fragments were excluded from the experiment because the cause 
of the tissue necrosis could not be reliably determined. Some paling of tissues was observed 
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for Acropora fragments at both HI and LI, when the experimental temperature reached Texp + 
5 ⁰C and tentacle expansion was no longer observed at those temperatures. Overall, the 
response variables generally showed non-linear relationships with temperature for both 
Acropora (Figure 4.3) and Porites (Figure 4.4). Each response variable is considered in 
more detail in the following paragraphs, but for several variables there was a relatively broad 
temperature range over which responses were consistent followed by a steep drop in the 
response at the highest temperatures (e.g. net photosynthesis rates and photosynthetic 
efficiency of both species, Figure 4.3 a-c, g-i and Figure 4.4 a-c, g-i). The data for 
respiration rates did not show a strong curvature with increasing temperature and linear 
regression through the data fitted the data equally well as the Gaussian curve for the data 
from OI. However, linear approximations of thermal performance curves should be avoided 
since they fundamentally differ from the physiology of thermal performance, thus Eq. 4.2 
was fitted to the respiration rates at all three locations. Finally, model selection based on AIC 
revealed that data divided by location, by species and by individual coral colony provided the 
best fit to the host and symbiont response variables (Appendix Table C.2). Dividing the data 
by location and by species provided the next best fit to the data and the model selection 
technique did not support pooling data across locations or across species. Therefore, these 
data indicate that the thermal performance varied among locations and between species. A 
stylised presentation of the performance curves (Figure 4.5) facilitates direct comparison in 
the change in position and shape of the curves among locations for each species. 





Figure 4.3 Thermal performance curves of Acropora intermedia measured at Heron Island (first 
column) and Lizard Island (last column) and Acropora valenciennesi at Orpheus Island (middle 
column). Thermal responses are net photosynthesis rate (a-c), respiration rate (d-f), maximum 
quantum yield (g-i) and maximum electron transport rate (j-l). Data points are the mean values ± 
s.d (n = 10). Curves are mean thermal performance curve of individual colonies (n = 5), fitted with 
least square non-linear regressions. Vertical dashed lines represent the environmental 






Figure 4.4 Thermal performance curves of Porites cylindrica measured at Heron Island (first 
column), Orpheus Island (middle column) and Lizard Island (last column). Thermal responses 
are net photosynthesis rate (a-c), respiration rate (d-f), maximum quantum yield (g-i) and 
maximum electron transport rate (j-l). Data points are the mean values ± s.d (n = 10). Curves are 
mean thermal performance curve of individual colonies (n = 5), fitted with least square non-linear 
regressions. Vertical dashed lines represent the environmental temperature at the start of the 
thermal experiment.  
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 Holobiont response 
The temperature at which the net photosynthesis rate was maximum, Topt, was below the 
environmental temperature at all three locations for both species, except for the Porites 
population at HI where the optimal temperature was approximately the same as the 
environmental temperature (Figure 4.4 a). There was no clear trend of increasing Topt 
corresponding to increasing environmental temperature for either species; for Acropora the 
highest Topt was observed at OI (27.8 ± 1.5 ⁰C, Table 4.2), whereas for Porites, the highest 
Topt was observed at HI (28.1 ± 2.4 ⁰C, Table 4.2 and see Appendix Table C.3 for post-hoc 
comparisons of the parameter estimates between populations). The breadth of the curve (Tbr) 
for Acropora was significantly larger at HI (Tbr = 18.4 ± 5.4 ⁰C) than at the other two 
locations (Tbr = 10.4 ± 0.8 ⁰C and 11.0 ± 4.2 ⁰C; ANOVA, p = 0.012, Table 4.3), consistent 
with the greater variability in temperature at HI. For the Porites populations, there was no 
significant variation in Tbr among locations (Table 4.3). The maximum net photosynthesis 
rate was significantly higher at HI than at the other two locations for both Acropora and 
Porites (respectively, ANOVA, p = 0.012 and p < 0.0001, Table 4.3). Overall, the 
performance curves of the Acropora populations (Figure 4.5 a) shifted vertically (through 
increased Pfmax at HI), horizontally (through increased Topt at OI), and by changing the 
performance breadth (through increased Tbr at HI). For the Porites populations (Figure 4.4), 
the performance curve shifted vertically (highest Pfmax at HI and lowest at OI) and 
horizontally (lowest Topt at OI) but there was no change in the performance breadth. 
The respiration rates of the Acropora (Figure 4.3 d-f) and Porites (Figure 4.4 d-f) 
populations at HI and LI increased with increasing temperature and then decreased at 
approximately Texp +3 ⁰C. In contrast, at OI, the respiration rates of the Acropora population 
increased linearly with temperature without a decrease at high temperatures, while the 
respiration rates of the Porites population were not strongly influenced by temperature. 
    
 
Table 4-2 Average ± standard deviation of the parameter estimates for each physiological thermal response variable of Acropora spp. at Heron Island, 
Orpheus Island and Lizard Island (first three columns) and Porites cylindrica at Heron Island, Orpheus Island and Lizard Island (last three columns) 
computed through least square non-linear regression for individual colonies (n = 5).  
 
Thermal Parameter 
Acropora spp. P. cylindrica 
response estimate Heron Island Orpheus Island Lizard Island Heron Island Orpheus Island Lizard Island 
Pnet  Pmax (O2 h-1 cm-2) 0.77 ± 0.16 0.30 ± 0.06 0.29 ± 0.07 1.16 ± 0.11 0.25 ± 0.02 0.64 ± 0.22 
 Topt (⁰C) 21.7 ± 2.0 27.8 ± 1.5 23.6 ± 3.9 28.1 ± 2.4 22.8 ± 3.3 26.0 ± 1.8 
 Tbr (⁰C) 18.4 ± 5.4 10.4 ± 0.8 11.0 ± 4.2 15.0 ± 4.8 18.4 ± 4.8 14.2 ± 2.8 
R  Pmax (O2 h-1 cm-2) 0.52 ± 0.03 0.44 ± 0.20 0.26 ± 0.08 0.78 ± 0.19 0.24 ± 0.12 0.38 ± 0.08 
 Topt (⁰C) 29.0 ± 0.5 39.6 ± 6.2 37.0 ± 10.3 30.5 ± 1.9 40.5 ± 22.8 28.6 ± 0.5 
 Tbr (⁰C) 16.4 ± 1.2 20.6 ± 8.8 23.0 ± 12.2 14.0 ± 3.0 28.8 ± 22.8 12.4 ± 1.4 
Fv/Fm Pmax (no unit) 0.73 ± 0.01 0.72 ± 0.01 0.74 ± 0.03 0.69 ± 0.01 0.67 ± 0.03 0.70 ± 0.01 
 Topt (⁰C) 26.1 ± 0.4 25.9 ± 1.3 26.6 ± 0.7 26.0 ± 1.0 27.7 ± 0.9 25.5 ± 2.1 
 Tbr (⁰C) 33.4 ± 3.6 30.8 ± 8.4 21.4 ± 9.0 34.6 ± 2.8 30.4 ± 10.4 32.0 ± 13.0 
rETRm Pmax (no unit) 123.3 ± 4.9 78.1 ± 7.1 52.1 ± 5.0 100.3 ± 5.7 83.6 ± 10.8 49.7 ± 8.3 
 Topt (⁰C) 23.7 ± 1.7 28.6 ± 0.4 29.4 ± 0.6 24.0 ± 2.7 29.2 ± 0.9 30.2 ± 0.6 
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Overall, this resulted in parameter estimates for Topt that were relatively high, ranging from 
28.6 ± 0.5 ⁰C for the Porites population at HI up to 39.6 ± 6.2 ⁰C for the Acropora population 
at OI (Table 4.2). I note that Topt corresponds to the highest respiration rate which is 
generally interpreted to reflect metabolic costs (e.g. tissue maintenance, stress) rather than 
metabolic processes that contribute to growth. Caution must also be taken when interpreting 
the respiration rates, as abrupt declines in respiration at temperatures beyond Topt are likely 
due to impairment of the enzyme-driven reactions rather than a decrease in metabolic costs. 
The breadth of each of the performance curves for respiration was relatively broad and not 
significantly different across locations for either species (Table 4.3). However, the 
respiration rates of the Porites population at HI was more than two-fold higher compared 
with LI, and three-fold higher compared with OI, but for the Acropora populations was the 
variation in Pmax not significant (Table 4.3). Overall, the performance curve of the Acropora 
populations did not show any significant shift (either vertically or horizontally; Figure 4.5 c), 
while among Porites populations (Figure 4.5 d), the curve only shifted vertically (highest 
Topt at HI). 
 Symbiont thermal response 
Temperature did not have a strong effect on the maximum quantum yield (Fv/Fm) of the 
Acropora populations (Figure 4.3 g-i) or Porites populations (Figure 4.4 g-i) at any of the 
study locations, which resulted in flattened performance curves, even though the high 
experimental temperatures (Texp +4 ⁰C and Texp +5 ⁰C) caused a strong decline in Fv/Fm. For 
the Acropora fragments at LI, it was not possible to measure a reliable photosynthetic yield at 
34 °C (Texp +5 ⁰C), or Fv/Fm was < 0.30. Hence, data points at 34 °C were not included when 
fitting the non-linear regressions for the Acropora colonies at LI. Nevertheless, the Topt for 




Table 4-3 Results of the statistical analyses to detect population variability (at Lizard Island, 
Orpheus Island and Heron Island) in the parameter estimates (Pmax, Topt and Tbr) of the thermal 
performance curves for four physiological response variables. Parameter estimates were 
calculated using non-linear regression for 5 colonies at each location for Acropora spp. and Porites 
cylindrica. 
Thermal Parameter 
Acropora spp. P. cylindrica 
response estimate df F-value p-value df F-value p-value 
Pnet rate Pmax  2, 12 35.26 0.000 2, 14 68.61 0.000 
 Topt  2, 12 7.21 0.009 2, 14 5.87 0.014 
 Tbr  2, 12 6.51 0.012 2, 14 1.69 0.220 
R rate Pmax  2, 11 3.70 0.059 2, 14 23.99 0.000 
 Topt  2, 11 3.00 0.091 2, 14 1.12 0.354 
 Tbr  2, 11 0.59 0.572 2, 14 2.20 0.148 
Fv/Fm Pmax  2, 12 1.27 0.315 2, 14 1.55 0.247 
 Topt  2, 12 0.71 0.511 2, 14 4.32 0.034 
 Tbr  2, 12 3.21 0.077 2, 14 0.28 0.763 
rETRm Pmax  2, 12 160.83 0.000 2, 14 42.48 0.000 
 Topt  2, 12 45.96 0.000 2, 14 22.27 0.000 
 Tbr  2, 12 46.12 0.000 2, 14 8.13 0.004 
 
 
The variation in Topt among the Acropora populations was less than 1 ⁰C and not significantly 
different, ranging from 25.9 ± 1.3 ⁰C at OI to 26.6 ± 0.7 ⁰C at LI (Table 4.2 and Table 4.3). 
There was slightly more variability in Topt among the Porites populations, with a Topt at OI 
significantly higher than at LI (Topt = 27.7 ± 0.9 ⁰C and 25.5 ± 2.1 ⁰C respectively; Tukey 
post-hoc, p = 0.038). The breadths of the curves of both species were broad but became 
narrower with decreasing environmental variability (Table 4-1), although this trend was not 
significant (Table 4.3). Lastly, the maximum quantum yield was higher in Acropora (Figure 
4.3 g-i) than in Porites (Figure 4.4 g-i). Overall, the performance curve of Acropora did not 
change significantly among locations (Figure 4.5 e), while the performance curve of Porites 
only shifted horizontally (Topt at OI the highest; Figure 4.5 f).  
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For the maximal relative electron transport rate (rETRm), Topt significantly increased with 
environmental temperature for Acropora (Figure 4.3 j-l) and Porites (Figure 4.4 j-l). In 
addition, Topt was also close to the environmental summer temperature for the populations at 
OI and LI (for example, the environmental temperature at OI was ~29 ⁰C and the Topt of the 
Acropora population was 28.6 ± 0.4 ⁰C and that of the Porites population was 29.2 ± 0.9 ⁰C; 
Table 4.2), suggesting that acclimation to the local temperature environment occurred at 
symbiont level for this particular photosynthesis trait. Likewise, the parameter estimates for 
Tbr of both species were significantly larger at HI and smaller at OI and LI (Table 4.2 and 
Table 4.3), which was similar to the trend observed for Fv/Fm and likely to be associated with 
the larger variability in environmental temperatures at HI (Table 4-1). Lastly, rETRm was 
highest at HI and lowest at LI, a trend observed with the holobiont responses as well (Table 
4.2). Overall, (Figure 4.5 g-h), the performance curves of both species shifted vertically 
(highest Pfmax at HI), horizontally (lowest Topt at HI) and in the performance breadth (widest 
Tbr at HI). 
4.4.3 Within-population variability 
There was strong model support for different thermal responses among locations, species 
and colonies (Appendix Table C.2), indicating that the thermal performance varied 
considerably among colonies within species across all locations (see Chapter 6 General 
Discussion). All three parameter estimates (Topt, Tbr and Pmax) for the holobiont and symbiont 
response variables varied among colonies (Appendix Table C.4 - Table C.7), and among-
colony variation in Topt is visualised in Figure 4.6 a-c. Regarding Topt, variability between 
colonies was generally larger for the holobiont responses compared to the symbiont responses 
(Figure 4.6 a-c). For instance, the lowest and highest optimal temperature for net 





Figure 4.5 Stylised presentation of the thermal performance curves of Acropora spp. (left 
column) and Porites cylindrica (right column) at Heron Island (green line), Orpheus Island 
(orange line) and Lizard Island (red line) to visualize the change in the position and shape of the 
curves among locations. Thermal responses displayed are net photosynthesis rate (a-b), 
respiration rate (c-d), maximum quantum yield (e-f) and maximum electron transport rate (g-h). 
Dashed lines represent the temperature at which the performance was optimal (Topt) at each 
location. Curves were fitted with least square non-linear regressions using Equation 2 to 
individual colonies (n = 5), of which the average per species are displayed.  
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the Topt for Fv/Fm within same population ranged only from 25.9 to 26.8 ⁰C. Similarly for 
Porites, the range in Topt for net photosynthesis of the population at HI (Figure 4.6 a) was 6.2 
⁰C, while for Fv/Fm within the same population, this range was only 2.3 ⁰C. Although these 
ranges are within the environmental range (11.0 ⁰C at HI for 2016/2017), there were several 
Porites colonies with a Topt (for the holobiont responses) higher than the maximum annual 
temperature (Figure 4.6 a, open squares are around and above the upper dashed line). 
The variability in Topt among Porites colonies was slightly larger than that observed for 
Acropora. Interestingly, the variability for Pnet among Porites colonies was greatest at OI 
(10.8 ⁰C; Figure 4.6 b) compared to the other locations, while this was the smallest among 
Acropora colonies (3.7 °C). Vice versa, the greatest variability for Pnet among Acropora 
colonies was observed at LI (11.1 °C; Figure 4.6 c) while this was the smallest among 
Porites colonies (4.3 °C). 
For most colonies of both species were the Topt within the range of the environmental 
variability (ignoring the Topt for respiration, since that requires a different interpretation, as 
mentioned above). Generally, the Topt of the holobiont performance were closer to the lower 
thermal threshold (only at HI was the Topt of several Porites colonies above the upper 
threshold; Fig 6a), while the Topt for the symbiont performances were closer to the average 
environmental temperature of the weeks prior to the thermal experiment (solid line in Figure 
4.6 a-c), suggesting a higher capacity of acclimation at symbiont level and poor performance 
of most colonies at holobiont level at their current environmental temperature. 
 





Figure 4.6 Variation in optimal temperature between colonies of Acropora spp. (closed circles) and Porites cylindrica (open squares) at Heron Island 
(a), Orpheus Island (b) and Lizard Island (c) for net photosynthesis rate (Pnet), respiration rate (R), maximum quantum yield (Fv/Fm) and maximum 
electron transport rate (rETRm). Data points show mean Topt derived by non-linear regression of 2 or 4 fragments from the same colony. Horizontal 
lines represent the average seawater temperature measured over 14 days prior to the start of the thermal experiment at each location, with dashed 
lines the minimum and maximum temperature recorded over 2015/2016. Seawater temperature data recorded by in-situ data loggers of the 
Australian Institute of Marine Science (AIMS 2017). 
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4.4.4 Chlorophyll concentration 
The thermal experiment affected the chlorophyll concentration in both species (mixed 
effect model with main effect of treatment for Acropora and Porites respectively, F(1,38) = 
61.59, p < 0.001 and F(1,40) = 24.95, p < 0.001; Appendix Table C.7), with generally a 
higher chlorophyll concentration in the fragments that were exposed to the chilled treatment 
than those exposed to the heated treatment (Figure 4.7 a-b). Only among the Acropora 
populations I observed variation in the chlorophyll concentration between locations (mixed 
effect model with main effect of location for Acropora, F(2,12) = 112.22, p < 0.001), with a 
higher concentration at OI possibly due to the different Acropora species at this site (A. 
valenciennesi instead of A. intermedia). Lastly, the chlorophyll concentration in fragments at 
ambient temperature was higher in Porites (Figure 4.7 b) than in Acropora (two-way 
ANOVA with main effect of species, F(1,27) = 11.65, p = 0.002; Appendix Table C.8), 
which corresponds to the higher net photosynthetic performance observed with Porites 
fragments compared with Acropora fragments. The chlorophyll concentration was also 
higher in fragments of Porites at LI than in fragments at the other two locations (two-way 
ANOVA with main effect of location, F(2,27) = 31.21, p < 0.001; Appendix Table C.8). 
 
Figure 4.7 Chlorophyll concentration in Acropora spp. (a) and Porites cylindrica (b) after (chilled 
and heated, n = 10) and before (ambient, n = 5) exposure to a thermal gradient at Heron Island, 




Our current understanding about coral thermal sensitivity is primarily based on the 
tolerance of different species to abnormally high temperatures; surprisingly little is known 
about the strategies that corals use to cope with temperature variation across their often broad 
geographic ranges. This study showed that the thermal performance varied between two coral 
species that occur across the same latitudinal temperature gradient along the Great Barrier 
Reef, and that have broadly similar Indo-Pacific geographic distributions (Wallace 1999, 
Veron 2000). Moreover, my results indicate that both species are plastic thermal specialists, 
rather than non-plastic thermal generalists, because the thermal performance differed within 
species among locations. Nevertheless, the observed differences in thermal performance 
among populations did not lead to an alignment of the optimal temperature for performance 
with the average temperature of the local environment, suggesting that the capacity for 
thermal acclimation of coral populations is constrained. 
I hypothesized that the thermal performance curves of subpopulations of plastic thermal 
specialist species would change shape and position according to the thermal variability and 
mean environmental temperature of their local environment (e.g., Gabriel & Lynch 1992). 
Specifically, I expected increasing thermal breadth with increasing latitude due to greater 
thermal heterogeneity at high latitudes, but decreasing thermal optima with increasing 
latitude due to lower mean environmental temperatures. Results for the thermal performance 
of symbiont traits showed a general trend consistent with these hypotheses, but not for the 
thermal performance of holobiont traits. In fact, although the optimal temperature for 
holobiont performance (net photosynthesis and respiration rate) varied among coral 
populations, it did not consistently match the (recent) average environmental temperatures at 
each site. Instead, Topt was below the environmental temperature at all three locations (Topt 
for the respiration rate excluded), except for the Porites population at HI. Thermal 
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acclimation along a latitudinal cline of the photosynthetic performance specifically has been 
observed for a variety of organisms. For instance, a positive correlation between latitude and 
Topt for photosynthesis has been observed for macrophytes (Santamaría & van Vierssen 
1997). Similarly, Topt for net photosynthesis was higher in tropical tree species than in 
temperate tree species (Cunningham & Read 2002). However, the absence of a correlation 
between latitude and Topt for photosynthesis for corals has now been reported in three studies 
(Coles & Jokiel 1977, Rodolfo-Metalpa et al. 2014). Collectively, these findings suggest the 
presence of factors that constrain thermal acclimation of local coral populations more so than 
for other taxa. 
In contrast to the responses of coral colonies, thermal acclimation at the symbiont level 
led to a closer alignment of thermal performance with local environmental conditions, which 
was apparent by the performance curves fitted to the data segregated by location and species, 
as well as those fitted to the data segregated by colony. For rETRm, the thermal optima and 
performance breadths increased with average environmental temperature and variability, 
according to my hypotheses. For Fv/Fm, the performance breadths increased with 
environmental thermal variability, while the thermal optima were below the average 
environmental temperatures and remarkably similar between locations for both coral species. 
These different results for different symbiont traits suggest that the effect of temperature on 
photosynthesis is sequential instead of simultaneous: where the rETRm is reduced at 
increased temperature, this could prevent inhibition of Fv/Fm. This interpretation is based on 
other studies that showed that during the early stages of thermal stress, the enzyme activity in 
the Calvin-Benson cycle is slower, which directly influences the rate of electron transport but 
does not directly damage the photosystems (see review by Allakhverdiev et al. 2008).  
Despite the observed mismatch between thermal optima and local mean environmental 
temperatures, the performance breadth of each population was wide and generally 
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encompassed the range of temperatures experienced at each location. This means that corals 
live at suboptimal conditions for performance, but declines in performance at temperatures 
above and below the optima are relatively small. Similarly wide performance breadths are 
observed in other studies on corals (e.g., Jokiel & Coles 1977a, Carricart-Ganivet et al. 2012, 
Rodolfo-Metalpa et al. 2014) suggesting that this finding is not specific to the species studied 
here. Such broad performance breadth could explain why Topt did not consistently match the 
average environmental temperatures because the small increase in performance achieved 
through ‘perfect’ acclimation of the thermal response might not outweigh the costs of 
acclimation. However, the observed performance breadth (presented as the average across 
multiple coral colonies at each location) also reflects the high level of variation in performance 
among colonies. A likely explanation for this high among-colony variation is dispersal of coral 
larvae across large distances, and among sub-populations with different thermal histories. Coral 
recruits can be sourced from the local reef (Sammarco & Andrews 1988), but many spawning 
species (including the species studied here) produce larvae with a relatively long planktonic 
stage that can disperse to maintain moderate to high levels of gene flow along the GBR (Ayre 
& Hughes 2000). Hence, the influx of maladapted genotypes or phenotypes on reefs around 
LI, OI and HI may have prevented perfect acclimation of each population. Moreover, despite 
collection of coral fragments from colonies that were approximately the same size, these 
colonies potentially settled onto the reef in different years with different environmental 
conditions. Strong developmental acclimation to the temperature environment at the time of 
settlement could also drive high variation in thermal responses later observed among adult 
colonies. Lastly, the variation in Topt for holobiont dominated responses between Acropora 
colonies was larger than the thermal variation they experience annually. Although this negates 
successful acclimation of the overall population performance, the silver lining is that this high 
level of natural variation in thermal performance provides raw material for natural selection 
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and adaptation and can therefore promote survival under climate change. In addition, the notion 
that the performance curves at symbiont level appear better acclimated to the local environment 
supports the idea that maladapted immigrated colonies are able to take up well-
acclimated/adapted symbionts from the local environment.  
In addition to larval dispersal and development acclimation, there are other plausible 
reasons for the observed mismatch of holobiont performance and the local thermal regime. 
First, measurement of the local thermal environment was based on data from the preceding 
two weeks whereas acclimation might occur over longer or shorter time frames (Chapter 2). 
In addition, the thermal experiments at LI and OI were executed in the summer of 2016 
during an El Niño event that brought unusual high seawater temperatures causing severe 
bleaching of the northern reefs of the GBR (Hughes et al. 2017b). Therefore, the assumed 
thermal environments at LI and OI during this study (calculated as the average water 
temperature of two weeks prior to the thermal experiment) were above the local annual 
average (Appendix Table C.9), perhaps leading to a greater mismatch in Topt and the 
environmental temperature during this particular summer. Indeed, for the Porites population 
at LI, the Topt was closer to the annual average temperature than the local environmental 
temperature. In contrast, the Topt of the Porites population at HI was closer to the local 
environmental temperature, corresponding to the hypothesis that organisms from a more 
variable thermal environment have a higher capacity for acclimation (Gabriel & Lynch 
1992).  
Trade-offs in the energy balance might also have constrained the acclimation of the 
photosynthetic performance to local temperatures. Under light saturating conditions, the 
photosynthesis rate is generally limited by the amount or activity of Rubisco, the enzyme 
involved in CO2 fixation. Rubisco Activase switches Rubisco from an inactive to an active 
form (required for CO2 fixation) through an energy-consuming step influenced by 
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temperature. Studies on plants showed that heat-stress reduced the activity of Activase 
(Crafts-Brandner & Salvucci 2000) and constrained shifts of the optimal temperature for 
photosynthesis (Hikosaka et al. 2005). Hence, the photosynthetic performance of the 
populations at OI and LI might have been constrained by thermal stress and other more 
urgent cellular processes may have demanded energy, such as changes in the composition of 
membrane lipids or synthesis of reactive oxygen species (ROS) and heat shock proteins 
(HSPs). High concentrations of ROS and HSPs may lead to interference with normal cell 
functioning and deplete energy reserves (see review by Sørensen et al. 2003). Lastly, since OI 
is an inshore reef with higher sedimentation and nutrient levels than the mid-shelf reefs 
around HI and LI, I cannot exclude that the observed patterns may have been (partly) driven 
by factors other than temperature. 
The respiration, or oxygen consumption, rate represents the whole-organism metabolism, 
including energy requiring processes of both host and symbiont for maintenance, repair and 
growth. However, symbiont consumption is considered to be negligible, as the 
symbiont:coral ratio generally ranges somewhere between 0.03 and 0.1 depending on the 
coral species (Muscatine et al. 1981, Falkowski et al. 1984). Thus, the observed changes in 
the respiration rate in this study were mostly due to changes in the host physiology. For 
corals, interpretation of the thermal optima for respiration rate is complicated. For instance, 
the Topt was well above 30 ⁰C for most populations considered here, a temperature that is only 
rarely experienced in the environment. Generally, linear approximations of thermal 
performance should be avoided, as they fundamentally differ with the biological justification 
of thermal performance (Angilletta 2006). However, within the temperature range that corals 
can tolerate, respiration rates are often found to increase with increasing temperature 
(Muthiga & Szmant 1987). Therefore, it is likely that the performance curve for respiration is 
asymmetrical, with a sharp sudden decrease of the respiration rate close to the upper thermal 
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threshold. Additionally, high respiration rates are generally associated with high levels of 
stress and metabolic costs (e.g., Withers 1992), suggesting that the parameter estimation for 
Topt signified the temperature at which metabolic costs were highest rather than the 
temperature at which performance was maximized. I observed declined respiration rates for 
the populations at HI after ~30 ⁰C, but at OI and LI, respiration declined only at the highest 
two temperatures measured (> 33 ⁰C). This suggests that the latitudinal thermal cline 
influenced the thermal acclimation to some extent. Further research encompassing a wider 
temperature scope, and during which cellular responses are monitored in addition to whole-
organism respiration rates will provide more insight into the true shape of the curve. 
 
My findings show that the holobiont thermal performance varied among locations and 
between species, therefore excluding a non-plastic thermal generalist strategy. However, 
thermal specialization through acclimated Topt and narrow Tbr was not observed. Instead, 
populations of both species, across all locations, generally lived at temperatures above their 
optima, constraining their performance nearly all year round. While these temperatures may 
not be lethal to the corals on short term, they are suboptimal for fitness and suggest that corals 
are maladapted to present-day seawater temperatures. 
   
 
CHAPTER 5  
 
Thermal performance of  
two temperate and tropical coral species5 
 
                                                 
5 This chapter is prepared for submission to Coral Reefs. 
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Temperate organisms are generally exposed to a more variable and cooler climate than 
tropical organisms, and are therefore expected to have a broader thermal tolerance and a 
higher capacity for acclimation than tropical organisms. In this chapter I investigated this 
hypothesis by comparing the thermal performance of the coral populations at Heron Island 
(Chapter 4) with two temperate coral species from the Mediterranean Sea. The respiration 
rates and photosynthetic efficiency showed a linear relation with temperature rather than a 
curve, suggesting a broad thermal tolerance. The photosynthesis rates and electron transport 
rates showed a curve-shaped response to temperature with relatively broad performance 
breadths that were similar between the tropical and temperate species, rejecting the 
hypothesis that temperate organisms have broader tolerance than tropical organisms. The 
thermal optimum for holobiont performance was generally below the local environmental 
temperature, which is likely driven by physiological constraints on the coral host than on the 
symbionts. The large thermal tolerance for photosynthesis displayed in this study supports 
previous observations that corals can survive short periods of abnormally warm temperatures, 
and suggests that corals, in general, adopt thermal generalist strategies to cope with 
temperature variation in the environment. 
 
Environmental conditions such as temperature, solar insolation and rainfall, are generally 
more variable in temperate regions than in the tropics. For example, the seasonal variation in 
temperature can be more than four-fold larger at temperate latitudes than at tropical latitudes, 
where annual and daily temperature regimes are relatively uniform (Clarke & Gaston 2006). 
Decades of research demonstrate that these contrasting climate regimes fundamentally 
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constrain the physiology, ecology and evolution of temperate, tropical and cosmopolitan 
species (e.g., Dobzhansky 1950, Stevens 1989, Eller et al. 2017). For instance, in an early 
influential paper, Janzen (1967) hypothesized that the physiological tolerance of each 
individual organism to climate variation should be large enough to encompass the entire 
gradient of conditions experienced throughout its life. As a result, organisms in less variable 
environments (i.e. tropical regions) should have smaller tolerance ranges than organisms in 
more variable environments (i.e. temperate regions) (Janzen 1967). This hypothesis has been 
widely tested and is supported by studies showing that the range of body temperatures for 
salamanders was smallest in the tropics and increased with latitude (Feder & Lynch 1982), 
and likewise for lizards (van Berkum 1988). However, there are many studies that do not 
support Janzen’s hypothesis (see review by Angilletta 2009), or show opposite trends. For 
instance, a meta-analysis across taxonomic groups and geographic regions showed that the 
organisms from stable environments had a higher capacity for acclimation, and that this 
capacity increased with decreasing latitude (Seebacher et al. 2015).  
Physiological tolerance curves quantify the tolerance of an organism to an environmental 
variable, and quantify the mode (defining the optimal environment) and the width (defining 
the range of ‘tolerable’ environmental conditions). The thermal performance curve (TPC) is 
frequently used to show the relation of organismal performance with temperature (Angilletta 
2009), including a thermal optimum (i.e. the organism’s optimum temperature for 
performance) and a performance breadth (i.e. temperature range over which performance is 
positive) (Huey & Stevenson 1979). The shape and position of TPCs can vary between and 
within species depending on the acclimation capacity, environmental conditions and thermal 
history of the organism (Angilletta 2009). Another approach to understanding organismal 
tolerance to climatic variability are optimality models that predict the optimal position and 
shape of tolerance curves given the local thermal environment using mathematical equations 
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(Lynch & Gabriel 1987, Gabriel & Lynch 1992, Gilchrist 1995). Consistent with Janzen’s 
hypothesis, optimality models show that the thermal optimum of an organism depends on the 
long term mean environmental temperature, whereas the performance breadth depends on the 
spatial and temporal variation in temperature within and between generations (Lynch & 
Gabriel 1987).  
TPCs have been used to predict the impact of global warming on the species’ 
performance (Deutsch et al. 2008, Bozinovic et al. 2011, Clusella-Trullas et al. 2011, 
Kingsolver et al. 2013). The capacity of species to persist under global warming depends on 
their thermal sensitivity, i.e. the degree to which the performance of an organism is 
influenced by a change in temperature (Calosi et al. 2008). If organisms in more variable 
environments (e.g. temperate) have broader TPCs than organisms in stable environments (e.g. 
tropical), then global warming is likely to affect tropical organisms more severely than 
temperate ones (Tewksbury et al. 2008). Indeed, several tropical taxa, including terrestrial 
insects, amphibians and marine invertebrates, are currently living close to their upper thermal 
limits (e.g. Stillman 2003, Deutsch et al. 2008, Tewksbury et al. 2008, Duarte et al. 2012). 
However, the impact of global warming on organismal performance also depends on the 
degree of warming itself, which varies geographically and is predicted to be increase faster in 
temperate than in tropical regions (Pörtner et al. 2014). This in turn may make temperate 
species more vulnerable than tropical organisms. Quantification of the thermal performance 
over the entire temperature gradient is necessary to predict how temperate versus tropical 
species will respond to global warming. 
Coral reefs have been identified as one of the most sensitive ecosystems to global climate 
change (Pörtner et al. 2014) and are already impacted by anthropogenic stressors, such as 
global warming, ocean acidification, pollution and overfishing (Hoegh-Guldberg 1999, 
Pandolfi et al. 2003, De’ath et al. 2012). Although coral reefs show their highest biodiversity 
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in the tropics (Veron 2000, Hughes et al. 2002, Roberts et al. 2002), numerous octocorals (i.e. 
gorgonians) and scleractinian corals occur in temperate regions. All together, these temperate 
corals form three dimensional structures, and sometimes reef-like structures, that function as 
shade and shelter for numerous other species in a similar way to tropical reefs (Weinberg & 
Weinberg 1979). Some species of the scleractinian corals and octocorals in the Mediterranean 
harbour photosynthetic dinoflagellate symbionts, such as the scleractinian Cladocora 
caespitosa and the gorgonian Eunicella singularis. Their physiology is therefore most similar 
to that of tropical reef-building corals (Schiller 1993a), and both species can thus serve as 
good temperate models, in comparison to the tropical ones. 
The symbiosis between the coral host and algal symbiont (family Symbiodiniaceae) is 
easily disrupted by hot and cold temperature extremes resulting in coral bleaching (Brown 
1997). In the past decades, several global mass bleaching events have occurred on tropical 
reefs due to above average sea surface temperatures (Heron et al. 2016), often resulting in 
significant coral mortality. Likewise, in the Mediterranean Sea, mass bleaching events and 
mortality of symbiotic organisms has been associated with abnormal warming (Cerrano et al. 
2000, Perez et al. 2000, Rodolfo-Metalpa et al. 2000, Garrabou et al. 2009). To date, research 
on coral thermal tolerance has focused most strongly on the quantification of the upper 
thermal threshold for bleaching and survival (e.g., Fitt et al. 2001, Oliver & Palumbi 2011, 
Howells et al. 2012). Consequently, little is known about the shape of the thermal 
performance curve of corals in general. Therefore, it is currently unclear if the performance 
breadth of temperate corals is indeed larger than that of tropical corals following Janzen’s 
hypothesis, or if the performance curves of temperate corals match the mean and variance of 
local environmental temperature consistent with optimality models. Thus far, only few 
studies specifically quantified coral thermal performance curves (see Chapter 3 and 4) that 
showed some variation in the thermal breadth and thermal optima between populations from 
CHAPTER 5 
123 
different thermal environments, but not for the Mediterranean coral Oculina patagonica 
(Rodolfo-Metalpa et al. 2014). However, inconsistency in the acclimation period between 
these studies prior to the thermal response experiments prevents a direct comparison of the 
performance breadth and thermal optimum between corals from temperate and tropical 
regions. Additionally, quantification of TPCs of corals with different geographic origins will 
provide insight into the thermal strategies of these corals more broadly, and identify whether 
corals are adapted/acclimatized to their local thermal environments.  
In this study, I test the hypotheses that temperate corals have broad performance curves 
with thermal optima close to the environmental mean temperature, and that tropical corals 
have narrow performance curves with poorly defined thermal optima since temperature does 
not change significantly with season. To investigate these hypotheses, thermal performance 
curves were measured for samples of the Mediterranean Sea endemic coral species 
Cladocora caespitosa, and the Mediterranean symbiotic gorgonian Eunicella singularis. For 
the tropical corals, I assessed thermal performance curves for Acropora intermedia and 
Porites cylindrica on the Great Barrier Reef (Chapter 4). For both temperate and tropical 
corals, I measured a range of physiological traits at temperatures ranging to 5 degrees above 
and below the environmental temperature, which resulted in a temperature range of 12 – 22 
°C for the temperate corals and 23 – 33 °C for the tropical corals. This study is the first to 
directly compare the thermal performance of tropical and temperate coral species. These data 
will improve our understanding of the thermal strategies that corals use to cope with 
heterogeneity in thermal environments, and of the role that temperature plays in limiting the 




The thermal performance was measured for two temperate corals from the Mediterranean 
Sea, and two tropical corals from the Indo-Pacific Ocean. The temperate species consisted of 
the symbiotic stony coral Cladocora caespitosa and the symbiotic gorgonian Eunicella 
singularis; previous studies commonly found that both corals harbour ‘Symbiodinium’ 
Temperate A (Visram et al. 2006, Forcioli et al. 2011, Casado-Amezúa et al. 2014; 
LaJeunesse et al. 2018). Five mother colonies of each coral were randomly collected by 
SCUBA diving at two locations in the northwest Mediterranean Sea (hereafter NWM; Figure 
5.1 a). C. caespitosa colonies were collected off the coast of La Spezia in shallow water (ca. 
10 m) in September 2016 and E. singularis colonies in Cassis at 10-15m depth in October 
2016. Colonies were maintained in aerated cool boxes and transferred to the laboratory in 
Monaco, where they were placed in culture aquaria. Subsequently, corals were maintained at 
a light intensity of 80-100 µmol photons m-2 s -1 provided by 400 W metal halide lamps 
(HPIT, Philips) and continuously supplied with Mediterranean seawater at a renewal rate of 
20% h-1 and at ambient temperature (Figure 5.1 c). All colonies were fed twice weekly with 
Artemia nauplii during the culture period. Two weeks prior to the start of the thermal 
experiment, five gorgonian tips (8 to 10 cm long, referred to as fragments hereafter) or five 
coral fragments (between 5 to 10 nubbins per fragment) were cut from five mother colonies 
(n = 25 fragments per species), suspended with nylon string, labelled and distributed over 
four experimental tanks (25 L) placed under controlled conditions similar to that of the 
mother colonies.  
The tropical species included the symbiotic stony corals Acropora intermedia and Porites 
cylindrica, both harbouring Symbiodiniaceae from the same genera: Cladocopium C3 
(formerly, Clade C sub-clade C3) in A. intermedia and Cladocopium C15 (formerly, Clade C 




Figure 5.1 Temperate corals were collected at Cassis and La Spezia in the north-western 
Mediterranean Sea and maintained at the laboratory facilities in Monaco (a), tropical corals were 
collected and maintained at Heron Island in the Great Barrier Reef (b), and daily average seawater 
temperatures at Heron Island and North West Mediterranean Sea (NWM) for 2016 and start of 
2017 (c). For Heron Island, data was recorded by temperature loggers of the Australian Institute 
for Marine Science (AIMS 2018) and for NWM by Coriolis Data Centre for Operational 
Oceanography (CORIOLIS 2018). 
 
 
2018). These species were selected because of their branching morphology, local abundance 
in the Great Barrier Reef, and different thermal sensitivities: A. intermedia is generally more 
bleaching sensitive and P. cylindrica more bleaching tolerant (Loya et al. 2001). For each 
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species, five coral fragments from five colonies (n = 25) were collected by SCUBA diving on 
reefs around Heron Island, Australia (Figure 5.1 b), in shallow water (< 10 m) in February 
2017. Seawater temperature at the time of collection was ~ 28 °C. Fragments were directly 
transported to the research station on Heron Island, attached to nylon string, labelled and 
distributed over two experimental tanks (50 L) placed in the shade outdoors. Daily average 
irradiance was 150-200 µmol photons m-2 s -1 with a peak irradiance of 850-900 µmol 
photons m-2 s -1 measured with a LI-193 spherical underwater quantum sensor (LI-COR) 
every hour on two cloudless days. Tanks were continuously supplied with seawater pumped 
from the adjacent reef flat at a renewal rate of 20% h-1 at ambient temperature (Figure 5.1 c). 
Although water supply was assumed to provide the corals with adequate nutrients, freshly 
hatched Artemia nauplii was given twice weekly. At least one week of recovery from 
collection was allowed before the start of the first measurements. 
Temperature records of the thermal environment around Monaco for the year 2016 were 
accessed through the database of CORIOLIS (IFREMER) on February 2018. On the same 
day I accessed the temperature records of the thermal environment around Heron Island for 
2016 through the database of AIMS (Australian Institute of Marine Science). These records 
contained in-situ hourly measurements of the seawater temperature measured at 1.5 m depth 
and were used to determine the daily minimum, maximum and average temperature, and 
calculate the mean summer, winter and annual temperature, and the annual temperature range 
and variance. 
5.3.1 Thermal experiment 
The thermal experiments with the temperate corals and gorgonians were conducted at the 
Centre Scientifique of Monaco (CSM) in November 2016, followed by the thermal 
experiments with the tropical corals at Heron Island Research Station (HIRS) in March 2017.  
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Coral performance (described below) was initially measured at ambient temperature (18 
°C for the temperate species and 28 °C for the tropical species, Figure 5.1 c), after which the 
water temperature was increased or decreased by 0.5 °C day-1 until 5 °C above or below 
ambient temperature (thus 10 days total). At CSM, temperature was modified using bar 
heaters (Visi-Therm, 300 W) connected to electronic controllers (ElliWell PC 902/T). At 
HIRS, temperature was controlled with two chiller/heater units (TK-2000, TECO) connected 
to a submersible pump (Aquapro AP1050, Aquatec) that circulated the water at a rate of 500 l 
h-1. Thermal performance of the corals was measured every second day at 1 °C increments. 
Qualitative observations were made twice daily (morning and evening) to check the colour 
(paleness) and tentacle expansion of the fragments in the holding tanks. Control fragments, 
one of each colony, were frozen at -80 °C after the initial performance measurements at 
ambient temperature for tissue analyses, and the remaining fragments were frozen at the end 
of the thermal experiment. Coral fragments at HIRS were transported on dry ice to the 
laboratory facilities at James Cook University for tissue analyses. 
5.3.2 Response variables 
A whole-organism response to temperature such as that of a coral (holobiont) is naturally 
influenced by the temperature dependent response of the symbiont. However, the symbiont 
can have a different thermal sensitivity than the coral (Chapter 3 and 4), which can influence 
the shape of the holobiont thermal performance curve. Therefore, performance traits specific 
to the symbiont were measured in addition to the performance that is dominated by the 
physiology of whole-organism. Holobiont performance traits in this study were net 
photosynthesis (Pnet) and respiration (R) rate, because these processes are dominated by 
whole-organism physiology due to the larger biomass of the coral tissue compared to that of 
the symbionts, although photosynthesis itself is driven by the symbiont. Symbiont specific 
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performance included maximum quantum yield (Fv/Fm) and maximum relative electron 
transport rate (rETRm), because these processes occur at the photosystem level within the 
symbionts. 
5.3.3 Holobiont performance 
Pnet and R rates for each fragment were quantified by measuring the change in the 
dissolved oxygen concentration in the water during 1 hour incubations. After 10 min light or 
dark acclimation period, oxygen production (Pnet) was measured at an irradiance of 200 
µmol photons m-2 s-1 at CSM provided by a metal halide lamp (Philips, HPIT 400W), and at 
350 µmol photons m-2 s-1 at HIRS provided by led lights (R420r, 180 W, Maxspect Razor). 
Light levels during respirometry corresponded to the subsaturation light intensity for the 
temperate species (Rodolfo-Metalpa et al. 2008) and tropical species (Anthony & Hoegh‐
Guldberg 2003). Oxygen consumption (R) in the dark was subsequently measured after the 
illumination period during 1 hour, after chambers were flushed with new seawater. Fragments 
were suspended in Plexiglas respirometry chambers with lids (6 chambers, 200 ml at CSM 
and 550 ml at HIRS) filled with filtered seawater (0.45 µm at CSM and 1 µm at HIRS) and 
stirred with magnetic stirrers. Each chamber contained an individual fragment and one 
chamber without a fragment served as a blank to account for background respiration of 
microorganisms naturally present in seawater. The chambers were placed on a submersible 
magnetic stirrer plate (MIXdrive 6, 2mag) inside a water bath that controlled the temperature 
inside the chambers (Polystat 36 Circulating Bath, Fisher Scientific at CSM, TK-2000 
chiller/heater unit, TECO at HIRS). Oxygen production and consumption was measured 
using oxygen probes (LD101, Hach) connected to a meter device (HQ40D, Hach) at one 
minute intervals. Oxygen probes measure the oxygen saturation of the water and therefore 
respiration rates are likely an underestimation of the absolute respiration rates as measured 
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with higher resolution equipment such as micro sensors (Kühl et al. 1995). However, oxygen 
probes provide enough accuracy for comparison of differences in respiration at different 
temperatures, and among species. Furthermore, to reduce measuring error between CSM and 
HIRS, the same oxygen probes and meter were used. Pnet and R rates were estimated by 
regressing oxygen evolution over incubation time, taking into account the water volume in 
the chambers and background respiration measured in the blank chamber. Pnet and R data 
were normalised by surface area (as described below). At the end of the respirometry 
measurements, fragments were returned to their holding tanks. 
5.3.4 Symbiont performance 
Symbiont performance was measured using Pulse Amplitude Modulated (PAM) 
fluorometry (DIVING-PAM, Walz GmbH). PAM fluorometry measures the chlorophyll 
fluorescence emitted by photosynthetic units in response to illumination with a series of 
signal pulses. Changes in chlorophyll fluorescence are used to make inferences about the 
photosynthetic state of the sample (Suggett et al. 2010). Immediately after dark respirometry, 
a weak measuring light (< 1 µmol photons m-2 s-1) followed by a saturating light pulse (> 
8000 µmol photons m-2 s-1) was applied to the dark-adapted fragments using a fiberoptic 
probe at a fixed distance (~3 mm) from the sample. The measuring light induced minimal 
fluorescence (Fo) which indicates the proportion of open reaction centres in photosystem (PS) 
II. The subsequent saturating light pulse induced maximal fluorescence (Fm) by closing all 
reaction centres. The maximum quantum yield of PSII (Fv/Fm) was calculated as (Fm - Fo) / 
Fm, and provided information about the state of PSII at each measuring temperature, which 
was used as an indicator for the physiological thermal performance of the symbionts. On each 
fragment and at each temperature, an average Fv/Fm of at least 3 measurements was taken. 
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In addition, immediately after light respirometry, rapid light curves (RLCs) were 
measured on light-adapted fragments as described by Ralph and Gademann (2005) to assess 
rETRm as a function of instant irradiance at different temperatures. For this, a series of nine 
saturating light pulses was given at 10 s intervals, while an actinic light source progressively 
increased the light intensity from 5 to 1800 µmol photons m-2 s -1 during each interval (Light-
Curve Intensity 2). After each saturating pulse, the light-adapted effective quantum yield (ΔF 
/ Fm’) was recorded and relative electron transport rate (rETR) was calculated as follows  
rETR = 0.84 * 0.5 * ΔF/Fm’ * PAR      (Eq. 5.1) 
where 0.84 is the assumed light absorption ratio, 0.5 is the assumed ratio of PSII reaction 
centres to PSI reaction centres, and PAR is the variable actinic light intensity. For every 
fragment, RLCs were drawn by plotting rETR across the light intensity from which the 
rETRm was calculated, which was used as an indicator for saturation capacity of PSII.  
5.3.5 Chlorophyll concentration, symbiont density and surface area 
Chlorophyll concentrations were determined at the end of the thermal experiment to 
detect changes in the chlorophyll concentration that could have influenced the photosynthetic 
performance. Fragments were grouped according to their thermal exposure: chilled (after 
exposure to the decreasing thermal gradient, n = 10), heated (after exposure to the increasing 
thermal gradient, n = 10) or ambient (fragments that were frozen at the start of the thermal 
experiment, n = 5). Tissue was removed from the skeleton using an air-pick (C. caespitosa), 
scalpel (E. singularis) or airbrush (A. intermedia and P. cylindrica), collected in 15 mL of 
seawater and homogenized using a Potter grinder (C. caespitosa and E. singularis) or tissue 
homogenizer (T 25 Ultra-Turrax, IKA). The slurry (5 mL) was centrifuged (Rotina 380R, 
Hettich Lab Technology) at 5,000 g for 10 min after which 5 mL of 90% acetone was added 
to the pellet and left at 4 ⁰C in darkness overnight. The solution was then centrifuged once 
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more at 5,000 g for 10 min, after which the chlorophyll absorption was measured at 630, 663 
and 750 nm using a spectrofluorometer (Xenius, SAFAS at CSM, and Spectramax M2 
Reader, Molecular Devices at JCU). Chlorophyll a and c2 concentrations were calculated 
using the equations of Jeffrey and Humphrey (1975a). 
Respirometry rates, chlorophyll concentrations and symbiont density were normalized by 
skeletal surface area. For C. caespitosa, the polyp surface was measured using a calliper and 
surface area was calculated following Rodolfo-Metalpa et al. (2006a). For E. singularis, the 
length and the width of the fragment (tip) were measured using a calliper and surface area 
calculated according to the geometric formula for area of a cylinder. For A. intermedia and P. 
cylindrica, surface area was calculated using the wax dipped method following Veal et al. 
(2010). 
5.3.6  Data analyses 
All data were analysed using R version 3.3.2 (R Foundation for Statistical Computing, 
2016) and graphed with Prism GraphPad Software version 7.03. All data reported in the 
results are averages ± standard deviation, unless otherwise specified. Thermal performance 
curves were fitted using non-linear least squared regressions (function ‘nls’ in R) to the 
physiological response variables measured (Pnet, R, Fv/Fm and rETRm). A symmetrical 
Gaussian function with only three parameter estimates provided a better fit than an 
asymmetrical function with more parameters (Appendix Table D.1) and has been used in 
other studies to model the thermal responses of temperate and tropical corals (Marshall & 
Clode 2004, Rodolfo-Metalpa et al. 2014). The following equation was used (Rodolfo-
Metalpa et al. 2014): 
 P = Pfmax exp [-0.5 (abs (T – Topt) ) / Tbr )2 ]     (Eq. 5.2) 
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where P is the physiological response variable measured at temperature T, Pfmax is the 
maximum value of this response, Topt is the temperature at which the response variable is 
maximal (i.e. the mean value) and Tbr is the breadth of the response curve (i.e. the standard 
deviation). 
First, Eq. 5.2 was fitted to all data pooled together, then to the data separated by region 
(i.e., temperate or tropical), then to the data separated by species within regions and, lastly, to 
the individual colony responses. The Akaike Information Criterion (AIC) was used to find the 
best fit of the model to the data, thereby providing information about the major sources of 
variation in the non-linear functional relationships between performance and temperature. For 
this, the AIC values for each model fit were summed up according to the above described 
separation of the data. For instance, AIC value of the model fitted to the temperate responses 
were added to the AIC value of the model fitted to the tropical responses, etc. The division of 
the data with the lowest summed AIC value corresponded to the model that was most 
strongly supported by the data. Parameter estimates (Pfmax, Topt and Tbr) for the thermal 
performance curve of each species were calculated as averages of the parameter estimates of 
the thermal performance curves fitted to each colony and a one-way analysis of variance 
(ANOVA) was used to detect differences between species for these parameters. Tukey post-
hoc analysis were performed when p-values were significant (< 0.05).  
If the physiological response to temperature was not bell-shaped, a generalized linear 
mixed-effects model was fitted (package ‘lme4’). To account for the repeated measure of 
colonies and between colony variations, ‘colony’ was included as a random effect and 
‘temperature’ and ‘species’ were added as fixed effects. For consistency in model selection 
procedure for the non-linear responses, mixed-effects models were fitted to the data 
segregated in similar fashion as with the non-linear models (i.e., the linear model first only 
included ‘temperate as fixed effect, then ‘region’ was added and lastly ‘region’ was replaced 
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by ‘species’) and AIC values were calculated to find the model that most strongly supported 
the data. If the interaction of species and temperature was significant (p < 0.05), post-hoc 
comparisons were analysed to find out which species differed. 
Lastly, to investigate whether the thermal experiment affected the chlorophyll 
concentration (as an indicator of temperature stress leading to photoinhibition and/or 
damage), I compared the chlorophyll concentration of the fragments exposed to the 
increasing temperature with those exposed to the decreasing temperature and with those that 
remained at ambient temperature. For this, I used a linear model with species and treatment 
(i.e., heated, chilled or ambient) as categorical variables and chlorophyll concentration as 
dependent variable. I first analysed the significance of ‘colony’ as nested variable by 
comparing a nested model (colony nested within species) to a model where colony identity 
was not included using a likelihood test. After selecting the best model, an ANOVA was used 
to detect differences in the chlorophyll concentrations between species and treatments and 
Tukey post-hoc comparisons were made if a variable was significant.  
 
The average seawater temperature in the North West Mediterranean (NWM) in 2016 was 
16.4 ± 3.4°C, with a minimum of 11.2 °C recorded on January 21 and maximum of 26.4 °C 
on August 4. Hence, the total temperature range that the temperate corals were exposed to 
was 15.2 °C in 2016, which was greater than the thermal gradient of the experiment (13 °C -
23 °C). The mean summer temperature was 19.2 ± 2.0 °C (June – August 2016) and mean 
winter temperature was 13.4 ± 1.2 °C (December 2016, January – February 2016). At Heron 
Island for the same year, the average seawater temperature was 24.9 ± 2.4 °C, with a 
minimum of 18.1 °C on August 27 and a maximum of 30.5 °C on February 18. 
Consequently, the highest temperatures during the thermal experiment (30-33 °C) exceeded 
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the temperature that the corals experienced in the field. Furthermore, the temperature range 
that the tropical corals experienced was 12.4 °C, which is only 2.7 °C smaller than the total 
variability in the NWM. The mean summer temperature at Heron Island was 27.0 ± 0.9 °C 
(December 2016, January – February 2016) and mean winter temperature was 21.5 ± 0.8 °C 
(June – September 2016), which is a similar mean seasonal variability (~ 6 °C) compared to 
NWM. However, the daily variability was around two-fold greater at NWM than at Heron, 
particularly during the summer months (June to August, Figure 5.1). 
5.4.1 Holobiont response 
The relationship between the net photosynthesis rate (Pnet) and temperature was bell-
shaped for all corals (Figure 5.2 a-d), although this effect was more pronounced in E. 
singularis and P. cylindrica than in C. caespitosa and A. intermedia. Model selection showed 
that the response varied both between species (Appendix Table D.2). There was also 
substantial variation in the shape of the TPC among colonies of each species.  
For the temperate species (Figure 5.2 a-b), the thermal optimum for the photosynthesis 
was around 15.0 °C for both species (Table 5.1), which was 3 °C lower than the ambient 
temperature at the start of the experiment (~18 °C) and also lower than annual average 
temperature (16.4 ± 3.4°C °C), although within one standard deviation of the average 
temperature. The performance breadth (Tbr) was more than 1.5 times larger in C. caespitosa 
than in E. singularis (ANOVA, F(3,15) = 3.906, p = 0.030, see Appendix Table D. for post-
hoc comparisons). The smaller Tbr in E. singularis (10.6 ± 1.2 °C) was caused by a strong 
decrease in the Pnet rate when exposed to > 20 °C. For comparison with their natural habitat, 
in 2016 corals in the NWM experienced 64 days at which the temperature reached at least 20 
°C. Furthermore, Pnet rates per unit tissue surface area were more than double in C. 
caespitosa than in E. singularis resulting in a significantly higher Pfmax (0.78 ± 0.09 µmol O2   
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Table 5-1 Average ± s.d. of the parameter estimates for the performance curves of Cladocora 
caespitosa and Eunicella singularis and Acropora intermedia and Porites cylindrica (n = 5). 
Parameter estimates for respiration were only calculated for the two tropical species, because 




estimate C. caespitosa E. singularis A. intermedia P. cylindrica 
Pnet rate Pfmax (O2 h-1 cm-2) 0.78 ± 0.09 0.33 ± 0.04 0.77 ± 0.16 1.16 ± 0.11 
 Topt (⁰C) 15.0 ± 2.2 15.3 ± 0.6 21.7 ± 2.0 28.1 ± 2.4 
 Tbr (⁰C) 18.3 ± 4.1 10.6 ± 1.2 18.4 ± 5.4 15.1 ± 4.7 
R rate Pfmax (O2 h-1 cm-2)   0.52 ± 0.03 0.78 ± 0.19 
 Topt (⁰C)   29.0 ± 0.5 30.5 ± 1.9 
 Tbr (⁰C)   16.4 ± 1.2 14.0 ± 3.0 
rETRm Pfmax (no unit) 44.9 ± 4.3 32.1 ± 2.6 123.3 ± 4.9 100.3 ± 5.7 
 Topt (⁰C) 14.0 ± 3.7 13.9 ± 3.1 23.7 ± 1.7 24.0 ± 2.7 
 Tbr (⁰C) 26.3 ± 6.4 25.6 ± 6.9 20.4 ± 3.4 18.9 ± 6.5 
 
 
h-1 cm-2 and 0.33 ± 0.04 µmol O2 h-1 cm-2 in C. caespitosa and E. singularis respectively; 
Table 5.1 and Table 5.2), which is attributed to a higher efficiency of the symbiont within C. 
caespitosa. Indeed, Pnet rate per symbiont was around 4 times higher in C. caespitosa than in 
E. singularis, which was attributed to the higher Pnet performance and reduced chlorophyll 
concentration (see section 5.4.4) in C. caespitosa compared to E. singularis (see Appendix 
Figure D.1 for Pnet rates per symbiont).  
Between the tropical species (Figure 5.2 c-d), Topt was the lowest in A. intermedia at 21.7 
°C, which was well below the environmental temperature of 28 °C at the time of collection 
and also below the yearly average of 24.9 ± 2.4 °C). In contrast, the Topt for the Pnet rates of 
P. cylindrica was at 28.1 °C (Table 5.1), which corresponded perfectly to the environmental 
temperature at the time of collection. The performance breadth was slightly larger in A. 
intermedia (18.4 ± 5.4 °C) than in P. cylindrica (15.1 ± 4.7 °C), but not significantly different 
(Appendix Table D.), and was wide enough to encompass the annual temperature range (12.8 




Figure 5.2 Thermal performance curves and linear regressions for the temperate corals Cladocora caespitosa and Eunicella singularis and the tropical corals Acropora 
intermedia and Porites cylindrica. Holobiont performance (top two rows) are net photosynthesis and respiration rate and symbiont performance (bottom two rows) 
are maximum quantum yield and maximum electron transport rate. In panels k and l are both the linear and non-linear regression (solid slope and dotted curve 
respectively) shown. Data points are mean values ± s.d., n = 10.  
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Table 5-2 ANOVA results to detect variability between species in the parameter estimates (Pmax, 






df F-value p-value 
Pnet rate Pfmax  3, 15 52.661 0.000 
 Topt  3, 15 51.427 0.009 
 Tbr  3, 15 3.906 0.030 
rETRm Pfmax  3, 15 429.71 0.000 
 Topt  3, 15 18.089 0.000 
 Tbr  3, 15 1.787 0.193 
 
 
in A. intermedia (respectively, 1.16 ± 0.11 µmol O2 h-1 cm-2 and 0.77 ± 0.16 µmol O2 h-1 cm-
2, Table 5.1 and Table 5.2), which was mostly driven by a higher performance of P. 
cylindrica at temperatures above 28 °C. Lastly, in contrast with my hypothesis, the Tbr of the 
tropical species not significantly smaller than that of the temperate species (Appendix Table 
D.). In fact, the Tbr of A. intermedia was exactly the same as that of C. caespitosa (Table 
5.1). 
The respiration rates increased linearly with temperature for all species (Figure 5.2 e-h), 
although the tropical species also showed decreased R rates at the highest temperatures (> 30 
°C). To allow for comparison between all four species, non-linear regressions were initially 
fitted to the R rates of the colony responses of the tropical species to quantify the specific Topt 
for each colony (average Topt of 29.0 °C for A. intermedia and 30.5 °C for P. cylindrica; 
Table 5.1 and Appendix Table D. for the parameter estimates of each colony), after which 
linear regressions were fitted to the R rates until the colony specific Topt. Also regarding the 
linear regressions, there was pronounced variation in R rates between colonies of the same 
species, as including colony as random effect in the analysis significantly improved the fit of 
the model (Appendix Table D.). The R rates increased more strongly in response to   
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Table 5-3 Average ± standard deviation of the respiration rates and maximum quantum yield for 
the temperate species Cladocora caespitosa and Eunicella singularis and the tropical species 
Acropora intermedia and Porites cylindrica computed using mixed linear effects models, with 
posthoc comparisons to detect variation between species. For the tropical species, linear 
regressions were fitted to data up to the optimal temperature for respiration that was calculated 






p – value 
comparison with 
C. caespitosa 
p – value 
comparison with 
E. singularis 
p – value 
comparison with 
A. intermedia 
Resp rate C. caespitosa 0.036 ± 0.005    
 E. singularis 0.025 ± 0.004 0.002   
 A. intermedia 0.022 ± 0.004 0.003 0.489  
 P. cylindrica 0.049 ± 0.017 0.001 0.000 0.000 
Fv/Fm C. caespitosa 0.003 ± 0.002    
 E. singularis 0.000 ± 0.001 0.025   
 A. intermedia 0.001 ± 0.001 0.050 0.892  
 P. cylindrica 0.000 ± 0.002 0.012 0.675 0.601 
 
 
increasing temperature in P. cylindrica and C. caespitosa, which corresponds to the higher 
Pnet rates observed for these species. In contrast, the response to temperature was weaker in 
E. singularis and A. intermedia and very similar between the two species (Table 5.3). If R 
rates are interpreted as reflecting baseline metabolic costs for maintaining tissues, then the 
lowest R rates should be considered to be ‘optimal performance’. In that case, the linear 
relationship with temperature suggests that Topt occurred at the lowest measured 
temperatures, which was 12 °C for the temperate species and 22 °C for the tropical species. 
5.4.2 Symbiont response 
The symbiont performance (maximum quantum yield and electron transport rate, Figure 
5.2 i-p) was notably less affected by temperature than the holobiont performance, and the 
responses were also more uniform among all four coral species. This resulted in linear 
responses with temperature for Fv/Fm, and very broad performance curves for the rETRm. 
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However, model selection showed that regressions fitted to each species separately improved 
the fit of the model to the data (Appendix Table D.), which is most likely due to the variation 
between species in the overall performance rates (i.e. the height of the line or curve) rather 
than variation in the response to temperature (i.e. shape/slope or position of the line or curve 
within tropical and temperate species, see Appendix Figure D.2). 
For Fv/Fm (Figure 5.2i-l), there was significant variation between the colonies (Appendix 
Table D., adding colony as random effect improved the model). However, this was mostly 
driven by variation between colony intercept as the response to temperature was very similar 
between colonies (see Appendix Table D.4 for the colony coefficients). The Fv/Fm of C. 
caespitosa (Figure 5.2 i) was unusually low at all temperatures (average Fv/Fm was 0.335 ± 
0.042), but this did not compromise the photosynthetic performances of C. caespitosa, since 
Pnet rates were generally high at all temperatures (Figure 5.2 a). C. caespitosa was also the 
only species that showed a small but significant increase in Fv/Fm with temperature (average 
slope was 0.003 ± 0.000, which was significantly different from E. singularis and P. 
cylindrica; Table 5.3). For E. singularis, the average Fv/Fm was 0.632 ± 0.028 and did not 
change in response to temperature (Figure 5.2 j and Table 5.3). The average Fv/Fm of A. 
intermedia (Figure 5.2 k) and P. cylindrica (Figure 5.2 l) were respectively 0.713 ± 0.03 and 
0.666 ± 0.036, and showed no response with temperature until 33 °C, after which the 
performance dropped substantially to 0.617 ± 0.020 and 0.588 ± 0.015 for A. intermedia and 
P. cylindrica respectively. However, seawater temperatures around 33 °C did not occur at 
reefs around Heron Island in 2016. 
The performance curves for rETRm of the two temperate species (Figure 5.2 m-n) were 
identical regarding the position (Topt) and shape (Tbr) (Tukey posthoc comparison, p = 0.997 
and p = 0.999, Appendix Table D.). The Topt for rETRm was around 14 °C, which is 1 °C 
lower than their Topt for Pnet and therefore also well below the annual average seawater 
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temperature at NWM. Curiously, the overall performance at all temperatures, as well as Pfmax, 
was higher for C. caespitosa than for E. singularis despite the lower Fv/Fm. A similar trend 
was observed for the tropical species (Figure 5.2 o-p), with closely related values for Topt and 
Tbr (Tukey posthoc comparison, p = 0.999 and p = 0.982, Table D.). For the tropical species, 
the Topt was approximately 24 °C (Table 5.1), which was below the local temperature at the 
time of collection and execution of the thermal experiment, but approximated the yearly 
average seawater temperature around Heron Island. The Tbr was broad (~ 20 °C, Table 5.1), 
which largely encompasses the range of the annual thermal variability. The overall 
performance and Pfmax was higher in A. intermedia than in P. cylindrica, which was reversed 
to the overall performance for Pnet. Lastly, the thermal breadth of the tropical corals were 
similar to that of the temperate corals (F(3,15) = 1.787, p = 0.193), which was also observed 
for Pnet and once more contrasts with my hypothesis. 
5.4.3 Within-species variation 
There was considerable variation in the thermal performance between the colonies of 
each species for all four performance traits (Figure 5.3 and Figure 5.4). For colonies of C. 
caespitosa, the optimal temperature for Pnet ranged from 11.5 °C to 17.5 °C, which was 
below the annual average temperature for most colonies, but within the range of 
environmental temperatures experienced in the field (Figure 5.3 a and Figure 5.4 a). The 
variation in Topt between colonies of E. singularis was the smallest of all species, ranging 
from 14.2 °C to 15.9 °C, which was also closer to the annual average temperature. For rETRm 
the variation in Topt was greater for both species, ranging from 9.7 °C to 18.9 °C for C. 
caespitosa and 9.0 °C to 16.3 °C for E. singularis. However, the lowest Topt were estimated 
with the greatest uncertainty for both species (standard deviations of colony C.4 and E.3 were 






Figure 5.3 Optimal temperature and thermal breadth for net photosynthesis and maximum 
electron transport rate for individual colonies of Cladocora caespitosa, Eunicella singularis, 
Acropora intermedia and Porites cylindrica. Top panels show the variation in thermal optimum 
for the temperate corals (a) and tropical corals (b) derived by fitting non-linear regressions to 
the thermal response of fragments from the same colony (n = 4). Shaded grey area shows the 
annual temperature range (minimum and maximum temperature) for 2016 and dashed line the 
local temperature at the start of the thermal experiment in the North West Mediterranean and 
around Heron Island. In similar fashion show the bottom panels the variation in thermal breadth 
between colonies of the temperate species (c) and tropical species (d). The dashed line indicates 




Figure 5.4 Thermal performance curves for net photosynthesis rate (a-d) and maximum electron 
transport rate (e-h) of colonies of Cladocora caespitosa and Eunicella singularis (left column), and 
Acropora intermedia and Porites cylindrica (right column). Least square non-linear regressions 
were fitted to the responses of fragments (n = 4) from the same colony. The shaded area shows 
the annual temperature range in the North West Mediterranean and around Heron Island. The 
dotted line indicates the ambient seawater temperature at the time of the thermal experiment.  
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these colonies. For the tropical species (Figure 5.3 b) the among-colony variation in Topt was 
slightly larger for the holobiont related trait (Pnet) than for the symbiont related trait 
(rETRm), and for P. cylindrica compared with A. intermedia. Furthermore, the Topt for Pnet of 
A. intermedia colonies ranged below the average annual environmental temperature (from 
19.0 °C to 23.5 °C; Figure 5.4 b), while for P. cylindrica colonies this ranged mostly above 
the annual average temperature (from 25.1 °C to 31.3 °C; Figure 5.4 d). In contrast, the 
variation of Topt for rETRm was smaller and closer to the environmental temperature for both 
species. 
Among-colony variation in thermal breadth for Pnet was more than 3 times greater in C. 
caespitosa compared with E. singularis (Figure 5.3 c), and was broader than the 
environmental variability of 15.2 °C for all but one colony (Figure 5.4 a). Interestingly, none 
of the colonies of E. singularis had a thermal breadth large enough to encompass the annual 
temperature range (Figure 5.4 c), suggesting that this species requires a more plastic 
response between seasons than C. caespitosa. For rETRm, there was greater variation in 
thermal breadth between colonies compared to that Pnet, and the thermal breadth for all 
colonies encompassed the annual thermal variability, indicating a wide and uniform thermal 
tolerance at symbiont level. The variation in thermal breadth between colonies of the tropical 
corals was relatively similar between species for both of the performance traits (Figure 5.3 
d), and also broad enough to encompass the annual thermal variability for nearly all colonies 
Figure 5.4 e-h).  
5.4.4 Chlorophyll concentration 
There was no significant difference in the chlorophyll concentrations between colonies 
and, therefore, this factor was not included in the model (likelihood ratio test, p = 0.066 for 




Figure 5.5 Chlorophyll concentrations of the temperate corals (a) and tropical corals (b), 
measured on fragments exposed to a decreasing or increasing thermal gradient (Chill and Heat 
respectively, n = 10), or on fragments that remained at ambient (Amb) temperature (n = 5). Mean 
values ± s.d. are shown. 
 
 
E. singularis contained three times more chlorophyll than C. caespitosa (Figure 5.5 a; 
ANOVA, F(1,46) = 243.916, p < 0.001, Appendix Table D.), which is remarkable given that 
the Pnet rates per surface area were almost two-fold lower. There was no variation in the 
chlorophyll concentrations between treatments for either species, indicating that the thermal 
experiment did not result in degradation of the pigments or expulsion of symbionts (ANOVA, 
treatment effect, F(2,46) = 0.106, p = 0.899). For the tropical corals, the chlorophyll 
concentration was significantly lower in A. intermedia compared with P. cylindrica (Figure 
5.5 b; ANOVA, species effect, F(1,49) = 67.701, p < 0.001) and also lower in the heated 
treatment compared with the ambient treatment (main effect of treatment, ANOVA, treatment 
effect, F(2,49) = 3.614, p = 0.035; post hoc heated versus chilled, p = 0.027, Table D.), most 




The results of this study are inconsistent with both Janzen’s hypothesis and optimality 
models that predict that temperate organisms with greater seasonality have broader 
performance curves than tropical organisms’ with smaller seasonal and daily variations in 
temperature. Instead, the performance breadth for the holobiont related trait (net 
photosynthesis) and symbiont related trait (maximum electron transport rate) were broad and 
similar between two tropical and two temperate coral species. My results are also inconsistent 
with the second aspect of Janzen’s hypothesis stating that temperate organisms from more 
variable environments have a higher acclimation capacity than tropical organisms from more 
constant environments. If this was true, then the optimum temperature for performance of the 
temperate species would have approximated the local environment at the time of the thermal 
experiment. Instead, the Topt was consistently lower than the local and yearly average 
seawater temperature, suggesting a limited capacity of the temperate species to match its 
photosynthetic performance to the environmental temperature.  
The holobiont performance of the tropical corals varied between species; the Topt for net 
photosynthesis of P. cylindrica corresponded accurately to the environmental temperature 
while that of A. intermedia was more than 6 °C lower. This suggests that certain tropical 
coral species have greater capacity for thermal acclimation of photosynthesis than that of the 
temperate corals, although additional studies on a wider range of species are required to 
confirm this interpretation. Additionally, the thermal response of the symbionts of the tropical 
corals was very similar across the different coral species, indicating that the observed 
differences in holobiont performance are mostly driven by the coral host physiology, 
consistent with the results of Chapter 3. However, overall, the physiological response to 
temperature was comparable between the temperate and tropical corals, suggesting similar 
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thermal strategies of these species despite their occurrence in distinctively different 
geographic regions. 
The absolute temperature range that the temperate coral populations experienced in 2016 
was only 23% greater than that of the tropical corals. This general similarity in temperature 
range may be responsible for the absence of clear differences in thermal breadth among the 
temperate and tropical corals investigated here. However, the magnitude of short-term 
temperature fluctuations in spring and early summer at NWM were more than twice that at 
reefs around Heron Island (Figure 5.1), which indicates that a major difference in the thermal 
environment between these two regions was the short-term fluctuations within seasons rather 
than the longer-term variability between seasons. Nevertheless, the absence of short-term 
fluctuations in temperature in the tropics did not result in smaller thermal breadths for the 
tropical corals. Remarkably, of all species, the smallest thermal breadth was observed for the 
photosynthesis rates of E. singularis, a species known for high resistance to elevated 
temperatures (Linares et al. 2013). Yet, the thermal breadth for net photosynthesis was too 
small to allow high performance at high temperatures, indicating that colonies of this species 
need to be plastic in their performance between seasons (see Chapter 3). It is also likely that 
E. singularis relies less on photosynthetically fixed carbon during summer, because it 
maintains a heterotrophic feeding mode in summer and winter (Cocito et al. 2013) and it 
requires less autotrophic carbon than other corals (Ferrier-Pagès et al. 2015). Therefore, E. 
singularis may not need a thermal breadth for photosynthesis as broad as the other corals in 
this study. 
Optimality models predict that strong seasonality should result in a higher capacity for 
acclimation (Gabriel 2005), meaning that the thermal optima for performance should be 
closer to the in-situ environmental temperature for temperate compared with tropical species. 
Yet, this alignment was only observed for the photosynthesis rate of the P. cylindrica 
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population at Heron Island. This finding could be related to the particular Symbiodiniaceae 
species found in P. cylindrica. Although I did not assess symbiont species in this study, 
multiple studies have demonstrated that P. cylindrica at Heron Island associates with 
Cladocopium C15 (e.g. LaJeunesse et al. 2003, Stat et al. 2009, Fisher et al. 2012). The 
resilience to thermal stress and bleaching of P. cylindrica has been attributed to its 
association with this species (LaJeunesse et al. 2003) and a heat stress experiment at Heron 
Island showed that P. cylindrica harbouring Cladocopium C15 had greater photosynthetic 
stability than other coral- Symbiodiniaceae associations (Fisher et al. 2012). In contrast, the 
A. intermedia colonies in my study most likely harboured Cladocopium C3 (LaJeunesse et al. 
2003; LaJeunesse et al. 2018), which is reported to be more sensitive to heating than 
Cladocopium C15, irrespective of host species (Fisher et al. 2012). Nonetheless, the 
performance curves for the symbionts within P. cylindrica and A. intermedia were similar to 
each other, and showed low sensitivity to temperature in both cases. Therefore, my study 
suggests that the difference in Topt between P. cylindrica and A. intermedia for net 
photosynthesis was influenced by the coral host. This could be related to different 
morphological characteristics. For instance, tissue thickness has been related to thermal stress 
(Hoegh-Guldberg 1999). Corals of the genera Porites generally have thicker tissue than 
corals of the genera Acropora (Loya et al. 2001), which can support a higher metabolic 
demand through stored energy reserves (Glynn & D'croz 1990, Fitt et al. 2000). Therefore, P. 
cylindrica may have a greater range of physiological plasticity that enables the coral to 
acclimate more accurately to the thermal environment. Likewise, differences in the 
expression of heat-shock proteins and antioxidants (Lesser 2006), energy reserve utilization 
(Porter et al. 1989) and heterotrophic plasticity (Grottoli et al. 2006) may result in differences 
in thermal sensitivity (Fitt et al. 2009) and thus thermal optimum.  
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The thermal optimum for photosynthesis of the temperate corals was only 1 °C below the 
annual average temperature, but more than 3 °C below the environmental temperature at the 
start of the experiment. This mismatch is could be due to the depth distribution ranges of C. 
caespitosa and E. singularis that both are most abundant at 20 -30 m depth, with sightings as 
deep as 50 m for C. caespitosa (Schiller 1993b) and 67 m for E. singularis (Gori et al. 2011).  
This suggests that the optimal performance temperature of these temperate corals corresponds 
to the cooler deeper waters, even though the colonies in this study were collected at shallower 
depths ranging between 10 and 15 m. This interpretation is also consistent with the high 
among-colony variability in thermal performance curves observed in this study, and in 
previous chapters, because different colonies at a given collection site are likely to come from 
mother colonies from different (deeper) depths, and thus different thermal regimes that could 
constrain acclimation to warmer temperatures. Experiments comparing the thermal 
performance curves of adults, larvae and juveniles grown under different temperature 
environments are needed to test these concepts.  
The temperate thermal experiments were executed at a time when the environmental 
temperature was decreasing rapidly, which could explain the mismatch between Topt and the 
environmental temperature. Inability to acclimate among seasons (see Chapter 3) can result 
in poor performance in summer, which was observed both for E. singularis (Ferrier-Pagès et 
al. 2015) and other coral species, such as the temperate coral Oculina patagonica (Rodolfo-
Metalpa et al. 2014) and multiple tropical corals (e.g. Warner et al. 2002, Scheufen et al. 
2017). However, if acclimation of Topt was lagging behind the environmental temperature 
because of this rapid decrease, the optimal performance of the temperate corals should be 
closer to the mean summer temperatures than observed here. These results therefore 
contradict the hypothesis that temperate corals have a high capacity for acclimation of their 
photosynthetic performance. Instead, it likely that during summer these corals are close to 
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their upper thermal threshold and suffer poor performance (Rodolfo-Metalpa et al. 2006a, 
Rodolfo-Metalpa et al. 2014), especially colonies in shallow water.  
Due to logistical constraints, the temperate and tropical thermal experiments conducted 
for this study took place in different seasons: for the temperate corals in late autumn/early 
winter and for the tropical corals at the end of summer. This may have influenced the study 
species’ thermal acclimation capacity, because energy-demanding physiological processes 
vary with seasons (Hinrichs et al. 2013). For instance, rapid growth rates and reproduction 
usually occur during spring and summer (Ribes et al. 2007), which implies that the 
photosynthetic performance of the tropical species (measured during summer) may have been 
constrained by secondary physiological processes such as tissue synthesis. However, such 
constraints would be expected to increase the thermal sensitivity because they would reduce 
the resources available for synthesis and repair of damaged proteins. In contrast, I observed 
an increase of the thermal breadth during summer (Chapter 3), which suggests reduced 
thermal sensitivity. Alternatively, differences in the relationship between temperature and 
respiration for the temperate and tropical species could be related to differences in the 
reliance of species on autotrophic compared with heterotrophic energy intake, as mentioned 
previously for E. singularis. For instance, heterotrophic feeding rates of C. caespitosa were 
more than 3 times higher than that of the tropical coral Turbinaria reniformis (Tremblay et al. 
2011). This heterotrophic acquired carbon accounted for more than 60% of the carbon budget 
of C. caespitosa and was enough to completely sustain its respiratory requirements. 
Similarly, low autotrophic carbon acquisition was demonstrated for E. singularis that was 
even lower than that of C. caespitosa (respectively, 48 µg C cm-2 d-1 versus 150 µg C cm-2 d-
1) (Ferrier-Pagès et al. 2015). In comparison, the autotrophic carbon acquisition for tropical 
corals is generally >150 µg C cm-2 d-1 (Muscatine et al. 1981, Anthony & Hoegh-Guldberg 
2003, Yakovleva & Hidaka 2004). For instance, the tropical Stylophora pistillata obtains 
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78% of its carbon from the symbiont, of which 48% is used for respiration (Tremblay et al. 
2012, Tremblay et al. 2014). Together this suggests that the energy budget of the temperate 
corals relies less strong on photosynthesis than that of the tropical corals and therefore there 
is a reduced need to acclimate this performance accurately.  
The temperate E. singularis had the smallest thermal breadth for net photosynthesis of all 
four species. This was mostly driven by a significant reduction of the photosynthesis rates at 
temperatures above 20 °C and is consistent with observations from other studies that showed 
reduced net photosynthesis and respiration rates in E. singularis at temperatures above 20 °C 
(Previati et al. 2010, Ezzat et al. 2013). However, E. singularis is generally described as a 
species with a relatively high thermal tolerance (Previati et al. 2010, Pey et al. 2011, Linares 
et al. 2013), and a thermal threshold for survival ranging between 28 and 29 °C (Linares et al. 
2013), while C. caespitosa is reported as relatively sensitive to temperature (Rodolfo‐Metalpa 
et al. 2005, Rodolfo-Metalpa et al. 2006b). Although my study did not investigate the 
threshold for survival, the photosynthetic capacity of E. singularis was less resistant to high 
temperatures than that of C. caespitosa. This was apparent by the broad performance breadth 
of C. caespitosa with photosynthesis rates maintained close to maximum performance over a 
wide range of temperatures. Most studies that investigated the effect of temperature on the 
physiology of C. caespitosa used relatively high temperatures and showed increased 
respiration rates at >24 °C, decreased chlorophyll and symbiont concentrations and 
photosynthesis rates at >26 °C (Rodolfo-Metalpa et al. 2006b), and decreased Fv/Fm and ETR 
at >29 °C (Rodolfo-Metalpa et al. 2006a). My study shows that C. caespitosa has a low 
thermal sensitivity at lower temperatures (13-23 °C). This suggests that C. caespitosa has a 
very asymmetrical performance curve, with a sharp drop in performance at temperatures 
above the temperatures measured in this study.  
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In none of the species can the reduction of the photosynthesis rates at higher temperatures 
be attributed to photoinhibition, because the quantum yield and chlorophyll concentration did 
not change during or after exposure to these temperatures (except for the chlorophyll content 
of A. intermedia). Since the respiration rates increased linearly with temperature for the 
temperate corals, this could partly explain the reduced net photosynthesis rates at high 
temperatures. However, the respiration rates of the tropical corals stabilized (A. intermedia) 
or decreased (P. cylindrica) at temperatures above 30 °C, thus mechanisms other than 
increased metabolic rates related to thermal stress must be causing the reduced 
photosynthesis rates as well. Additionally, the maximum electron transport rate also showed a 
curve-shaped response with temperature corresponding to that of the photosynthesis rates, 
suggesting that a diminished electron flow capacity reduced the oxygen production. A similar 
pattern where oxygen production or electron flow and photosynthetic yield were 
disconnected has been observed previously in plants, microalgae (Kromkamp et al. 1998) and 
tropical and temperate corals (Jones et al. 1998, Ezzat et al. 2013) and related to high 
mitochondrial respiration (Beardall et al. 1994), chlororespiration (Peltier & Cournac 2002), 
the Mehler reaction (Ort & Baker 2002) and plastoquinol oxidase (Zehr & Kudela 2009). 
Any of these four processes could explain the observed pattern of my study. For instance, 
with plastoquinol oxidase, electrons are siphoned away from PSI, resulting in reduced 
electron flow and oxygen production while the ATP production remains high (Zehr & Kudela 
2009), which means that this energy can be used for metabolic processes related to thermal 
stress that results in increased respiration rates, such as the synthesis of heat shock proteins 




The impact of climate change is predicted to be greater at tropical latitudes than temperate 
latitudes, because tropical organisms have narrower thermal tolerances, and live closer to 
their upper thermal threshold (Tewksbury et al. 2008). Coral biodiversity is highest in the 
tropics (Hughes et al. 2002), and coral bleaching episodes related to above average sea 
surface temperatures have occurred more frequently in the past decades (Heron et al. 2016), 
demonstrating that temperatures during these events have been repeatedly above the corals’ 
upper thermal thresholds. The results from this study support the notion that corals live above 
their thermal optimum, as the optimal temperature for coral performance was below the local 
and mean annual environmental temperature, regardless of coral species. However, the 
thermal breadth for photosynthesis was broad, and generally encompassed the thermal 
variability between seasons. Furthermore, the symbiont performance showed low sensitivity 
to thermal change regardless of symbiont subtype or coral host, indicating that the mismatch 
of the thermal optimum with the local environment is likely driven by physiological 
constraints on the coral host rather than on the symbionts. The large thermal tolerance for 
photosynthesis displayed in this study supports previous observations that corals can survive 
short periods of abnormally warm temperatures, however survival of coral populations under 
long term climate change will depend upon the coral’s ability to also increase its thermal 









This thesis provides insight into the strategies that corals use to cope with spatial and 
temporal variation in temperature. My thesis shows, for the first time, that the thermal 
optimum for coral photosynthesis is generally well below the average environmental 
temperature experienced by corals, although there was considerable variation between 
colonies with some thriving at higher temperatures. Thermal acclimation in corals is complex 
because the coral host and algal symbiont can respond independently or synergistically to 
temperature (Gates & Edmunds 1999). The literature demonstrates that some 
Symbiodiniaceae species are more thermally tolerant than others which can enhance the 
coral’s capacity to tolerate higher temperatures (Bhagooli & Hidaka 2003, Rowan 2004), 
while other corals can increase their thermal tolerance through symbiont shuffling 
(Berkelmans & Van Oppen 2006, Silverstein et al. 2015, Boulotte et al. 2016). The tropical 
corals in my study harboured Cladocopium species (formerly Clade C, LaJeunesse et al. 
2018). Members of this genus are not known for high thermal tolerance (Rowan 2004), such 
as Durusdinium species (formerly Clade D, LaJeunesse et al. 2018). Nonetheless, my results 
show that the symbiont performance generally was better acclimated to the local environment 
than the holobiont performance, and that symbionts had broad thermal breadths. Furthermore, 
results indicate that the physiology of the coral host strongly influences the photosynthetic 




In Chapter 2 I investigated the acclimation trajectory of massive Porites spp. during cold 
and heat exposure. The thermal acclimation trajectory is generally unknown for most 
organisms (Somero 2015) which confounds interpretation of optimum performance in a 
changing thermal environment. Furthermore, there can be considerable variation between the 
acclimation trajectories of physiological traits within the same organism, for instance 
between those measured at tissue level, or those measured at whole-organism level (Schulte 
et al. 2011). In a previous study, Roth et al. (2012) showed that during 20 days exposure to 
cold, the maximum quantum yield of the symbionts did not significantly decrease while the 
symbiont density of the coral decreased by ~40%. The same study also showed that heat 
exposure induced a delayed but more deleterious response than cold exposure. However, no 
previous study has identified the acclimation trajectory, or specifically tested if and when the 
holobiont or symbiont performance reached a new steady state following a change in 
temperature. In Chapter 2, I demonstrated that during cold exposure the holobiont and 
symbiont performance of massive Porites spp. reached a steady state after ~2 weeks with 
‘no’ or ‘inverse’ compensation of the performance. Conversely, heat exposure induced a 
gradual decline of the holobiont and symbiont performance, but neither reached a steady state 
after 30 days, thus no acclimation was observed. These results show that there is no rapid 
compensatory acclimation response when massive Porites spp. are exposed to an immediate 
change in the thermal environment, and that compensation of the performance is unlikely to 
occur in response to short-term variations in temperature. Lastly, the results of Chapter 2 
showed that massive Porites spp. are both resistant and resilient to thermal stress, and has 
likely adopted a thermal generalist strategy. 
Building on these findings, I investigated whether and how seasonal variation of the 
environmental temperature influenced the thermal performance of corals. Previous studies 
observed seasonal fluctuations in several physiological traits of corals, such as symbiont 
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density (Fitt et al. 2000), photosynthesis rate (Scheufen et al. 2017), and calcification rate 
(Falter et al. 2012). In these studies, results generally indicated variation in the average or 
maximal performance of these physiological traits and in the upper thermal threshold for 
bleaching (Berkelmans & Willis 1999). While these studies demonstrate that corals have a 
capacity for reversible acclimation of their performance, they do not elucidate whether 
seasonal variation of the thermal performance was driven by a horizontal shift of the thermal 
performance curve through a change in thermal optimum, or by change of the thermal 
breadth. In Chapter 3 I demonstrated that for the bleaching sensitive Acropora spp., seasonal 
variation of the thermal performance was driven by an increase of the thermal optimum in 
summer, while for the bleaching tolerant Porites cylindrica, seasonal variation was driven by 
a change of the thermal breadth. These results reveal, for the first time, that there is species-
specific variation in the strategies of reversible thermal acclimation for corals.  
Subsequently, in Chapter 4 I investigated the thermal performance of these same two 
coral species living in different thermal environments. To date, there is only limited evidence 
in the literature to show that coral performance varies between colonies from contrasting 
thermal environments. These previous studies suggested that calcification rates were higher 
in colonies living in warmer environments compared to colonies in cooler environments 
(Lough & Barnes 2000), and that growth patterns varied between colonies from variable or 
more stable thermal environments (Smith et al. 2007). Such studies indicated that corals from 
environments with frequent thermal fluctuations or elevated temperatures are better able to 
withstand temperature extremes (Oliver & Palumbi 2011). However, the few previous studies 
that have specifically investigated whether the optimal temperature for performance varied 
between colonies from different thermal environments show conflicting results. For instance, 
the thermal optimum for coral growth varied between populations of Pocillopora damicornis 
(Clausen & Roth 1975), but not for net productivity of Montastrea annularis despite 
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differences in the ambient temperature regimes (Castillo & Helmuth 2005). Likewise, 
Rodolfo-Metalpa et al. (2014) demonstrated that populations of Oculina patagonica living in 
different thermal environments shared a similar relatively low thermal optimum for a variety 
of holobiont and symbiont performance traits.  
In Chapter 4 I used the latitudinal gradient along the Great Barrier Reef to compare the 
thermal performance of coral populations living in different thermal regimes. I specifically 
assessed if coral species with wide geographic distributions are phenotypically plastic in their 
performance or rather conform to a thermal generalist strategy. Results clearly showed 
geographic variation in the thermal performance among populations, which is indicative of 
physiological plasticity in thermal performance traits along environmental gradients. 
However, this plasticity was greater among physiological processes dominated by the coral 
host than among processes dominated by the symbiont, whereas acclimation to the local 
environment was more accurate for the symbiont performance. These findings suggest that 
environmental conditions experienced during early development may constrain the coral’s 
capacity to acclimate to higher summer temperatures, while the symbiont’s capacity for 
acclimation remains broader, possibly due to its shorter generation times (Wilkerson et al. 
1988). 
Lastly, I compared thermal performance of tropical corals with that of corals from the 
Mediterranean Sea (Chapter 5). Central to this chapter was the hypothesis that temperate 
organisms have a broader performance breadth (sensu Janzen 1967) and higher acclimation 
capacity (Gabriel 2005) than tropical organisms as a result of greater variations in the thermal 
environment at temperate latitudes than in the tropics. For corals, previous studies indicate 
that the thermal tolerance was higher if colonies lived in environments with greater and more 
frequent temperature fluctuations (Middlebrook et al. 2008, Barshis et al. 2010, Oliver & 
Palumbi 2011), but a direct comparison between the thermal tolerance of temperate and 
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tropical corals had not previously been made. The results of Chapter 5 showed that 
performance breadths of the temperate and tropical corals were equivalent. This was likely 
due to the large temperature range that all four coral species experience in their local 
environment, in contrast to the generalisation in the literature that temperate environments 
have higher variability. For the study species investigated here, the thermal breadths observed 
were large enough to encompass the local annual thermal range suggesting that these corals 
adopted a thermal generalist strategy to cope with temporal heterogeneity. My study also 
showed that both the temperate and tropical corals generally live at temperatures above their 
thermal optimum for photosynthesis, despite considerable variation in thermal performance 
among colonies. In fact, the only significant difference between the temperate and tropical 
corals was the thermal optimum and maximal performance, which was lower in the temperate 
corals corresponding to the lower local and annual mean environmental temperature.  
 
All organisms possess some capacity to modify their behavioural, physiological or 
morphological characteristics in response to environmental temperature through 
developmental and/or reversible acclimation (Angilletta 2009). For corals, this ability is 
assumed to be ubiquitous (Edmunds & Gates 2008), although acclimation in thermally 
heterogeneous environments can be physiologically challenging and result in a variety of 
compensatory responses due to different costs and benefits to the individual (Prosser 1991). 
These costs and benefits, and time lags in acclimation, mean that a thermal generalist strategy 
can be more advantageous than a plastic thermal specialist strategy. My thesis showed that 
massive Porites spp. were unable to acclimate their photosynthetic physiology to compensate 
for reduced performance induced by cold and warm shifts in the thermal environment 
(Chapter 2). This supports the results of Edmunds (2014) who similarly did not observe 
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beneficial acclimation of coral growth and maximum photosynthetic efficiency for this 
species. Thermal acclimation is costly because it involves protein synthesis to repair and 
stabilize the physiological processes impacted by changes in temperature (Somero & 
Hochachka 1971, Gates & Edmunds 1999). This imposes a physiological trade-off in which 
the energy spent on acclimation can no longer be allocated to other processes such as 
reproduction or growth (Jones & Berkelmans 2011). Minor changes in temperature may only 
incur a small energetic cost enabling the coral to keep up with protein synthesis and repair 
thereby compensating for its performance during acclimation, while more extreme thermal 
changes may result in energy constraints that hamper the acclimation response (Kirkwood 
1981). Additionally, acclimation is costly because it requires time for developmental or 
physiological changes to occur (Angilletta 2009). If acclimation occurs slowly relative to the 
rate of change of the environmental temperature, then the net benefit of acclimation may also 
be marginal. As observed in this thesis (Chapters 3, 4 and 5), these processes can result in a 
mismatch between optimal performance and local environmental temperature for a variety of 
coral populations and species.  
If corals are thermal specialists, then slow acclimation rates may result in large declines 
in performance if the environment changes. In contrast, if corals are thermal generalists (e.g. 
exhibiting a broad and relatively flat thermal performance curve) then a mismatch between 
the optimal performance and the environmental temperature would not result in a substantial 
loss of performance. Visualizing the thermal performance of each colony measured in this 
thesis (Figure 6.1) shows that both Acropora spp. and Porites cylindrica have a relatively 
broad thermal tolerance (median 10.5 °C and 14.5 °C respectively), suggesting that they both 
are thermal generalists. This finding seems to challenge studies previous reports that the 
performance of corals, in terms of photosynthesis and growth, is strongly dependent on 
temperature (e.g. Warner et al. 1996, Lesser 1997). Thermal performance curves measured 
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here used increments of only 2 days between increasing/decreasing temperatures for a total of 
10 days of exposure to altered temperature in order to capture instantaneous thermal 
performance. Consequently, my thesis measures thermal performance over a relatively 
shorter time frame in comparison with those reported earlier, particularly with regard to the 
time required for performance traits to reach a new steady state (> 10 days) in Chapter 2. 
Although the thermal performance curves measured here were generally consistent with those 
measured for another coral species using increments of 2 weeks between 
increasing/decreasing temperatures (Rodolfo-Metalpa et al. 2014), increasing time increments 
would likely result in larger cumulative effects of elevated/decreased temperature and 
‘steeper’ thermal performance curves. 
Previous studies showing thermal sensitivity of corals (e.g. bleaching) often refer to the 
sensitivity of the performance at elevated temperatures and not necessarily to the 
performance breadth. My study shows that the photosynthetic performance indeed decreases 
at elevated temperatures (> ~25 °C), but additionally demonstrates that this is linked to the 
low thermal optimum identified for virtually all colonies (Figure 6.1). Indeed, the loss of 
performance at elevated temperatures (Tm in Figure 6.2) will be small if the optimal 
performance is at a temperature close to this elevated temperate (Figure 6.2 a), whereas the 
loss of performance will be greater if the thermal optimum is further away from this elevated 
temperature (Figure 6.2 b). This was the case for virtually every coral colony regardless of 
location or species (Figure 6.1). Thus, corals may be thermal generalists that still live well 
above their thermal optimum, but suffer reduced performance during prolonged periods of 
high temperatures during summer (Heron et al. 2016, Hughes et al. 2018). Note that the rate 
at which the temperature changes may influence the loss of performance, that is, if the 
temperature changes at a slow enough rate, the loss of performance may be reduced, and vice 




Figure 6.1 Colony specific performance curves of Acropora spp., Porites cylindrica, Cladocora caespitosa and Eunicella singularis, measured in 
populations at Heron Island (HI), Orpheus Island (OI, in summer and winter), Lizard Island (LI) and North West Mediterranean Sea. Displayed are 
non-linear regressions of net photosynthesis rate (a-c) and maximum electron transport rate (d-f). The dotted lines are the local environmental 





heterogeneity of the environment that corals experience. Marine mammals, for example, are 
thermal generalists over a much wider range of temperatures and occur across latitudes 
between polar and tropical seas (Pörtner 2002). Therefore, the results from my thesis suggests 
that corals are not strict thermal specialists that need to shift their performance curves when 
the environmental temperature changes, but that they are thermal generalists that can perform 




Figure 6.2 Hypothetical performance curves with a thermal optimum (Topt) 
at a high temperature (a) and low temperature (b). If performance is 
measured at certain temperature (Tm), then is the loss of performance 




Numerous studies have demonstrated that the coral physiology responds to seasonal 
variation, for instance through changes in the symbiont density and chlorophyll concentration 
(Fitt et al. 2000), calcification rates (Kayanne et al. 2005, Falter et al. 2012) and 
photosynthesis rates (Kayanne et al. 2005, Scheufen et al. 2017). Likewise, the results 
presented in Chapter 3 showed that the coral performance varied between seasons and that 
acclimation occurred through species-specific changes in the performance curve. 
Interestingly, the symbiont performance was less plastic between seasons than the holobiont 
performance, suggesting that seasonal acclimation occurred mostly by the coral host and less 
by the symbiont. This lack of response in the symbiont may be the result of a less tolerant 
symbiont type. The thermal sensitivities of the symbiont varies between Symbiodiniaceae 
species and associations with less sensitive symbionts can increase the thermal tolerance of 
the coral (Berkelmans & Van Oppen 2006, Howells et al. 2012). For instance, members 
of Durusdinium (formerly Clade D) have a higher thermal tolerance than those of 
Cladocopium (formerly Clade C) (Rowan 2004), and corals that associated with 
Durusdinium spp. therefore have increased resistance to elevated sea surface temperatures 
(Baker et al. 2004, Stat & Gates 2011). Similarly for species within of the same genus, corals 
associated with Cladocopium C78 and Cladocopium C8 were more bleaching resistant than 
corals associated with Cladocopium C79 and Cladocopium C35 (Sampayo et al. 2008). It is 
possible therefore, that the lack of symbiont plasticity found in my study may be due to 
associations with less tolerant species. While I did not empirically test the symbiont species, 
evidence of common coral-symbiont associations suggests this is unlikely. Previous studies 
have commonly found that the tropical corals investigated here harboured Cladocopium C15 
in P. cylindrica and Cladocopium C3 in A. intermedia and A. valenciennesi (LaJeunesse et al. 
2004, Madin et al. 2016), and the temperate corals harboured ‘Symbiodinium’ Temperate A 
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(Visram et al. 2006, Forcioli et al. 2011, Casado-Amezúa et al. 2014). Between the 
Cladocopium species, C3 is more sensitive to heating than C15 (Fisher et al. 2012). However, 
the symbiont responses during my summer and winter thermal experiments were relatively 
uniform between season and coral species, and showed limited variation in thermal optimum 
or thermal breath for Fv/Fm and rETRm (Chapter 3). This suggests that the symbiont did not 
directly assist the coral to increase its tolerance in summer, as suggested by previous studies 
(e.g. Fisher et al. 2012). 
The results of this thesis raise the question whether symbiosis promotes or constrains 
reversible acclimation of the corals. Previous studies show that both the coral host and 
symbiont shape the coral response to stress (see review by Baird et al. 2009), but it is unclear 
what their roles are during acclimation. It is possible that some symbionts confer plasticity 
that accelerates coral acclimation, while others are less plastic and constrain the acclimation 
capacity of the coral. Logically, corals that harbour multiple symbiont types that each have 
different physiological optima, or corals that harbour symbionts with broad thermal 
performances, are likely to have stable performance over a broad range of temperatures. 
However, these stabilising (compensatory) processes could prevent the need for acclimation 
and lead to widespread occurrence of thermal generalist strategies among symbiotic corals. 
 
The results from this thesis reveal geographic variation in the thermal optimum among 
populations of the same species in the Great Barrier Reef (Chapter 4), but did not support 
the hypothesis that populations from warm environments (Lizard Island) have higher thermal 
optima than populations from cooler environments (Heron Island). Instead, the thermal 
optima were below the environmental temperature for nearly every population. In temperate 




Figure 6.3 Maximum photosynthesis rate of the colony performance curves in relation to the 
thermal breadth, measured on Acropora spp. (circles), Porites cylindrica (squares), Cladocora 
caespitosa (upwards triangle) and E. singularis (downwards triangle) in populations at Heron 
Island (blue), Orpheus Island (green), Lizard Island (red) and North West Mediterranean (NWM 
- purple). Top panel (a) shows data pooled together with a hypothetical trend line, bottom panels 
show the same data but grouped by populations of Acropora spp. (b), P. cylindrica (c) and in the 
North West Mediterranean (d).  
 
corals over the range of temperatures tested. Interestingly, I found little variation in thermal 
breadth among the tropical species (Chapter 4) or between the tropical and temperate species 
(Chapter 5), which also contrasted with the hypothesis that temperate species have a broader 
performance breadth than tropical species (e.g. Janzen 1967). Optimality models predict that 
acclimation of the thermal optimum provides a greater advantage than acclimation of the 
thermal breadth, and thus should occur more readily within generations while acclimation of 





Figure 6.4 Maximal maximum electron transport rate of the colony performance curves in 
relation to the thermal breadth, measured on Acropora spp. (circles), Porites cylindrica (squares), 
Cladocora caespitosa (upwards triangle) and Eunicella singularis (downwards triangle) in 
populations at Heron Island (blue), Orpheus Island (green), Lizard Island (red) and North West 
Mediterranean (NWM - purple). Top panel (a) shows all species together with a hypothetical 
trend line, bottom panels show the same data but grouped by populations of Acropora spp. (b), P. 
cylindrica (c) and in the North West Mediterranean (d). 
 
 
Lynch 1992, Angilletta 2009). Yet, in my thesis the thermal optimum was generally lower 
than the environmental temperature, and the thermal breadth was often wider than the thermal 
heterogeneity. One of the core assumptions of these models is that the thermal performance is 
constrained by a generalist-specialist tradeoff: the maximal performance of a specialist 
exceeds that of a generalist and thus greater maximal performance generates a smaller 
thermal breadth (dotted line in Figure 6.3 and Figure 6.4). Interestingly, I found no strong 
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correlation between the maximal performance and performance breadth at the holobiont 
(Figure 6.3) or symbiont level (Figure 6.4), regardless of species or location. Thus, the coral 
species examined here appear to be masters of all temperatures rather than ‘a master of none’ 
(Huey & Hertz 1984). Previous studies demonstrated similar deviations from the predicted 
patterns for various taxa, for instance, for photosynthesis and tuber production of aquatic 
plants (Pilon & Santamaría 2002, Santamaría et al. 2003), clutch size of Daphnia pulicaria 
(Palaima & Spitze 2004) and several metabolic processes of Atlantic halibut (Imsland et al. 
2000). Thus, although the generalist-specialist tradeoff is an important assumption of 
optimality models, it does not always correctly predict patterns of empirical data. 
While this study endeavoured to monitor the in situ thermal environment as accurately as 
possible, coral reefs are complex environments and additional variables which were not 
accounted for may also have affected acclimation (Chapter 3, 4 and 5). Temperature records 
were obtained from sites as close to the coral collection sites as possible, but these 
temperature observation stations (AIMS for the tropical sites and CORILOS for the 
Mediterranean sites) may not accurately represent the thermal environment that the corals 
experience in situ. This includes variation of the in situ light environment compared to that of 
the experimental setting. Effort was made to match the experimental light environment with 
the ambient light environment, but small differences in light levels may have induced 
photoacclimation and temporal changes in physiological processes during thermal 
performance experiments influencing the photosynthetic performance of the corals 
measured.The state of the environment may also have contributed to deviation from the 
optimal performance from the environmental temperature. For instance, Orpheus Island is an 
inshore reef with high sedimentation and nutrient input (Walther et al. 2013) that may have 
led to differences in coral performance compared with the other locations. Lizard Island and 
Heron Island are mid shelf reef that suffer less turbidity than Orpheus Island, but the sea 
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surface temperatures at the reefs around Lizard Island were above average for numerous 
consecutive weeks during the time frame of experimental work at this location. This may 
have resulted in significant thermal stress and coral bleaching, potentially constraining the 
photosynthetic performance of the corals during my experiment (Chapter 4). The reefs 
around Heron Island were in better health than the central and northern reefs at the time of 
experimentation (Hughes et al. 2017b), which may have resulted in higher maximal 
performance rates and improved acclimation. Furthermore, the thermal experiment at Heron 
was performed a year later (2017) than those in Orpheus and Lizard (2016), with 
environmental differences between the summer seasons also potentially affecting 
performance and acclimation. 
 
I observed considerable variation between individual colonies from the same population 
in their response to changes in environmental temperature (Chapters 3-5; Figure 6.1). Inter-
colony variation can be driven by genetic variation between colonies (Meyer et al. 2009, 
Csaszar et al. 2010), or by other differences in the coral holobiont such as differences in 
microbial communities (Ainsworth et al. 2010, Gates & Ainsworth 2011). The variation in 
thermal optimum and performance breadth between colonies highlighted that despite an 
overall low thermal optimum at the local population level, there are individuals with high 
thermal optima. This is an important finding, because these are colonies with the potential to 
perform well under future climate change scenarios. If these individual differences in thermal 
performance are also translated in differences in genotype, then this provides additional 
substrate for natural selection to act upon (Careau et al. 2014). Therefore, the implications of 
individual coral variability is significant in light of climate change and the search for ‘super 
corals’, to advance studies directed at assisted evolution (van Oppen et al. 2015) 
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The variation in the thermal optimum of the performance curves of individual colonies 
was generally larger for holobiont related traits than for symbiont related traits. There are 
several reasons that may explain this. First, the extent to which the coral experiences the 
spatial and temporal heterogeneity of the thermal environment is different to that of the 
symbiont and this can influence the amount of physiological variation that is present at a 
given time (Ghalambor et al. 2015). For instance, the significantly shorter generation time of 
the symbiont may result in a more rapid evolution that converges to match the present 
thermal environment with smaller individual variation (Howells et al. 2012). For example, 
under laboratory conditions it took only 2.5 years (~80 generations) for symbionts to adapt to 
an increased upper thermal threshold and temperature tolerance range (Chakravarti et al. 
2017). Second, corals may select and retain symbionts that perform well and expel symbionts 
that perform poorly during or after coral bleaching (Baker 2003), obscuring the physiological 
variation in symbiont types that is naturally present in the environment. Third, coral larvae 
are likely to disperse over larger distances than symbionts (Howells et al. 2009), with the 
presence of poorly-adapted coral genotypes from different thermal environments resulting in 
greater within-population variation among corals than among symbionts. 
Reef-building coral are generally recognized as highly vulnerable to even slight increases 
in water temperature, and therefore perhaps the most familiar example of dangers faced by 
tropical marine species under climate change (Hoegh-Guldberg et al. 2007). However, 
interpreting my empirical data in light of climate change, gives a glimmer of hope that there 
is a future with corals reefs. IPCC models predict that summers will become hotter and this 
will occur more frequently and for longer periods of time (IPCC, 2014). Although my results 
show that the optimal performance temperature of most coral populations is drastically below 
these summer extremes, at individual level, there are colonies that have their optimal 
performance temperature at elevated temperatures, and thus these colonies might be able to 
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persist. Consequently, it is possible that the presence of these ‘super’ corals allows for a more 
rapid adaptation of corals to climate change than current models predict, as the thermally-
tolerant genotypes are already present in current populations.  
 
The concepts investigated in this thesis contribute new insights into coral thermal 
performance and builds on theories well explored in thermal biology in general, but have 
previously only been applied to corals in a limited way. Corals are particularly interesting 
because of their symbiosis with algal symbionts that can respond differently to changes in 
temperature which can facilitate or constrain the coral performance. Although this thesis 
examined the performance of several coral species with contrasting life-history strategies (A. 
intermedia, A. valenciennesi, C. caespitosa, E. singularis, P. cylindrica, and massive Porites 
spp.), it did not quantify the potential for different symbiont types to ameliorate holobiont 
performance. Further research should be directed towards further differentiating the influence 
of the symbiont’s thermal optimum compared to that of the coral host’s, and importantly how 
this impacts the process of thermal acclimation in heterogeneous environments. Corals with 
the capacity to reshuffle symbiont types may ameliorate the impact of poor symbiont 
performance at higher temperatures (Baker 2003). Therefore, future experimental work on 
coral thermal performance should include coral species known to associate with multiple 
symbiont types, and sampling designs structured to determine if reshuffling dominant 
symbiont strains results in changes to thermal optima for symbiont performance and the 
performance of the coral. To more clearly determine the influence of the coral-algal 
symbiosis on thermal performance of the holobiont, comparisons of performance curves 




The observed mismatch between thermal optimum for photosynthesis with thermal 
environment in this thesis warrants further exploration. Imprecise thermal acclimation can be 
due to time lags in the process of acclimation versus the time during which temperature 
change can occur, and may be an ideal thermal strategy to reduce the loss of performance 
during thermal change. However, the length of time required for acclimation to new thermal 
regimes remains unclear. Determination of the time required for acclimation should involve 
investigating physiological mechanisms at the cellular level, by quantifying how gene 
expression and/or metabolite concentrations present in coral tissues impact performance at 
the symbiont and holobiont level. The findings from my thesis showed that cold and heat 
exposure resulted in poor coral performance where beneficial acclimation was undetectable. 
Future work should focus on identifying acclimation trajectories and time frames at different 
levels of biological organization (i.e. holobiont, symbiont, cellular and biochemical level), in 
order to improve our mechanistic understanding of coral thermal acclimation.  
Additionally, other performance traits more directly linked to coral fitness, such as 
fecundity and growth, should be included in future studies on coral thermal acclimation 
which may be achieved through rearing corals at varying developmental temperatures or 
through investigations of thermal performance of corals from contrasting thermal 
environments. For instance, corals that inhabit intertidal habitats which experience significant 
diurnal variation in temperature (Oliver & Palumbi, 2011), or corals living in the Red Sea 
that are exposed to consistently high average and maximal temperatures (Fine et al. 2013). A 
comparison of the thermal performance of coral species in these types of extreme 
environments with those in less extreme environments will clarify how corals deal with 
thermal stress and test hypotheses about possible physiological trade-offs. Similarly, 
investigating corals with different geographic distribution ranges (e.g. temperate compared 
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with tropical endemics) could provide insight into the specialist-generalist trade-off 
highlighted in this thesis.  
This thesis relied on symmetrical thermal performance curves (Gaussian function) to 
describe the responses of the coral holobiont and symbiont to temperature change despite the 
use of asymmetrical curves being prevalent in the literature (Angilletta 2009). Other studies 
indicate that thermal performance curves tend to be asymmetric, often with a steep decline in 
performance at high temperatures (Huey & Kingsolver 1989). However, model selection 
consistently favoured the symmetrical Gaussian equation over asymmetrical modified 
Gaussian and Weibull equations and was therefore consequently used to estimate the shape of 
the performance curves. The use of this function is also consistent with the broader literature, 
because theorists often use a Gaussian function to model the evolution of thermal 
performance curves (e.g. Lynch & Gabriel 1987, Huey & Kingsolver 1993, Pfab et al. 2016). 
Although the conclusions are robust, because the symmetrical curve provided the best fit to 
the data, the shape of the thermal performance curve can substantially influence the 
predictions of the impact of climate change on corals. It is therefore important for future 
studies to explore utilisation of asymmetric curves in measurements of coral thermal 
performance. Similarly, I relied on linear regressions for comparisons of some of the traits in 
several chapters of this thesis. The absence of a curve-shaped thermal responses in these 
analyses indicate that the measured performances never reached their optimal temperature. 
Expansion of temperature ranges during thermal experiments should improve upon the 
findings here.  
 
Coral reefs are rapidly changing in response to anthropogenic climate change, which 
means we urgently need to improve our understanding of the responses and trajectories of 
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corals to rising temperatures. My thesis shows that thermal acclimation in corals is a slow 
process. Physiological constraints on the coral host appear to hinder accurate acclimation of 
corals to local environmental temperature, which was demonstrated by a mismatch of the 
thermal optimum for photosynthesis and the local environmental temperature. Therefore, the 
coral populations investigated in this study lived at temperatures above their thermal 
optimum, some even all year round. As such, most of the time they suffer poor performance, 
which may contribute towards reduced resilience during thermal stress events. The 
performance of P. cylindrica was generally higher than that of Acropora spp., including a 
thermal optimum closer to the environmental temperature and a wider performance breadth 
(Figure 6.1). Consequently, P. cylindrica colonies performed better at high temperatures than 
Acropora spp., and further temperature increases may therefore result in greater loss of 
performance for Acropora spp. than for P. cylindrica (Figure 6.2). This is a disturbing 
observation, because corals of the genus Acropora add structural complexity to the reef 
which, in turn, promotes diversity of fishes and the reef ecosystem overall (Graham & Nash 
2013). However, corals are not completely at the mercy of environmental temperature. 
Considerable variation among colonies highlighted that some colonies perform better at high 








AIMS (2017) Sea Temperature Observing System (Temperature Logger, IMOS - Weather Stations 
data export). Australian Institute of Marine Science 
AIMS (2018) Sea Temperature Observing System (Temperature Logger, IMOS - Weather Stations 
data export). Australian Institute of Marine Science 
Ainsworth TD, Thurber RV, Gates RD (2010) The future of coral reefs: a microbial perspective. Trends 
in Ecology & Evolution 25:233-240 
Al-Horani F, Al-Moghrabi S, De Beer D (2003) The mechanism of calcification and its relation to 
photosynthesis and respiration in the scleractinian coral Galaxea fascicularis. Marine Biology 
142:419-426 
Allakhverdiev SI, Kreslavski VD, Klimov VV, Los DA, Carpentier R, Mohanty P (2008) Heat stress: an 
overview of molecular responses in photosynthesis. Photosynthesis research 98:541 
Allen JA (1877) The influence of physical conditions in the genesis of species. Radical review 1:108-
140 
Angilletta MJ, Hill T, Robson MA (2002) Is physiological performance optimized by thermoregulatory 
behavior?: a case study of the eastern fence lizard, Sceloporus undulatus. Journal of Thermal 
Biology 27:199-204 
Angilletta MJ, Wilson RS, Navas CA, James RS (2003) Tradeoffs and the evolution of thermal reaction 
norms. Trends in Ecology & Evolution 18:234-240 
Angilletta MJ (2006) Estimating and comparing thermal performance curves. Journal of Thermal 
Biology 31:541-545 
Angilletta MJ, Bennett AF, Guderley H, Navas CA, Seebacher F, Wilson RS (2006) Coadaptation: a 
unifying principle in evolutionary thermal biology. Physiological and Biochemical Zoology 
79:282-294 
Angilletta MJ (2009) Thermal adaptation: a theoretical and empirical synthesis. Oxford University 
Press, New York 
Anthony K, Hoegh-Guldberg O (2003) Variation in coral photosynthesis, respiration and growth 
characteristics in contrasting light microhabitats: an analogue to plants in forest gaps and 
understoreys? Functional Ecology 17:246-259 
Anthony KR, Hoegh-Guldberg O (2003) Kinetics of photoacclimation in corals. Oecologia 134:23-31 
Arrhenius S (1915) Quantitative laws in biological chemistry. G. Bell, London 
Asbury DA, Angilletta MJ (2010) Thermodynamic effects on the evolution of performance curves. 
The American Naturalist 176:E40-E49 
Ayre DJ, Hughes TP (2000) Genotypic diversity and gene flow in brooding and spawning corals along 
the Great Barrier Reef, Australia. Evolution 54:1590-1605 
Baird AH, Bhagooli R, Ralph PJ, Takahashi S (2009) Coral bleaching: the role of the host. Trends in 
Ecology & Evolution 24:16-20 
Baker AC (2003) Flexibility and specificity in coral-algal symbiosis: diversity, ecology, and 
biogeography of Symbiodinium. Annual Review of Ecology, Evolution, and Systematics 
34:661-689 
Baker AC, Starger CJ, McClanahan TR, Glynn PW (2004) Coral reefs: corals' adaptive response to 
climate change. Nature 430:741 
Barshis DJ, Stillman JH, Gates RD, Toonen RJ, Smith LW, Birkeland C (2010) Protein expression and 
genetic structure of the coral Porites lobata in an environmentally extreme Samoan back 
reef: does host genotype limit phenotypic plasticity? Molecular ecology 19:1705-1720 
Barshis DJ, Ladner JT, Oliver TA, Seneca FO, Traylor-Knowles N, Palumbi SR (2013) Genomic basis for 
coral resilience to climate change. Proc Natl Acad Sci U S A 110:1387-1392 
Bauwens D, Garland T, Castilla AM, Van Damme R (1995) Evolution of sprint speed in lacertid lizards: 
morphological, physiological, and behavioral covariation. Evolution 49:848-863 
 
174 
Beaman JE, White CR, Seebacher F (2016) Evolution of Plasticity: Mechanistic Link between 
Development and Reversible Acclimation. Trends in Ecology & Evolution 31:237-249 
Beardall J, Burger-Wiersma T, Rijkeboer M, Sukenik A, Lemoalle J, Dubinsky Z, Fontvielle D (1994) 
Studies on enhanced post-illumination respiration in microalgae. Journal of Plankton 
Research 16:1401-1410 
Berkelmans R, Willis B (1999) Seasonal and local spatial patterns in the upper thermal limits of corals 
on the inshore Central Great Barrier Reef. Coral Reefs 18:219-228 
Berkelmans R, Van Oppen MJ (2006) The role of zooxanthellae in the thermal tolerance of corals: a 
‘nugget of hope’for coral reefs in an era of climate change. Proceedings of the Royal Society 
B: Biological Sciences 273:2305-2312 
Berkelmans R (2009) Bleaching and mortality thresholds: how much is too much? In: Coral bleaching. 
Springer, p 103-119 
Berkum FH (1986) Evolutionary patterns of the thermal sensitivity of sprint speed in Anolis lizards. 
Evolution 40:594-604 
Berrigan D, Scheiner SM (2004) Modeling the evolution of phenotypic plasticity. In: Scheiner SM (ed) 
Phenotypic plasticity: Functional and Conceptual Approaches. Oxford University Press, p 82-
97 
Berry J, Bjorkman O (1980) Photosynthetic response and adaptation to temperature in higher plants. 
Annual Review of Plant Physiology 31:491-543 
Bhagooli R, Hidaka M (2003) Comparison of stress susceptibility of in hospite and isolated 
zooxanthellae among five coral species. Journal of Experimental Marine Biology and Ecology 
291:181-197 
Black NA, Voellmy R, Szmant AM (1995) Heat shock protein induction in Montastraea faveolata and 
Aiptasia pallida exposed to elevated temperatures. The Biological Bulletin 188:234-240 
Blackburn TM, Gaston KJ, Loder N (1999) Geographic gradients in body size: a clarification of 
Bergmann's rule. Diversity and Distributions 5:165-174 
Bouchard P, Guderley H. 2003. Time course of the response of mitochondria from oxidative muscle 
during thermal acclimation of rainbow trout, Oncorhynchus mykiss. Journal of Experimental 
Biology 206: 3455-65 
Boulotte NM, Dalton SJ, Carroll AG, Harrison PL, Putnam HM, Peplow LM, van Oppen MJH (2016) 
Exploring the Symbiodinium rare biosphere provides evidence for symbiont switching in 
reef-building corals. The ISME Journal 10:2693 
Bozinovic F, Bastías DA, Boher F, Clavijo-Baquet S, Estay SA, Angilletta Jr MJ (2011) The mean and 
variance of environmental temperature interact to determine physiological tolerance and 
fitness. Physiological and Biochemical Zoology 84:543-552 
Brown BE (1997) Coral bleaching: causes and consequences. Coral Reefs 16:S129-S138 
Brown BE, Dunne RP, Goodson MS, Douglas AE (2000) Bleaching patterns in reef corals. Nature 
404:142-143 
Bruno JF, Selig ER (2007) Regional decline of coral cover in the Indo-Pacific: timing, extent, and 
subregional comparisons. PLOS ONE 2:e711 
Bulte G, Blouin-Demers G (2006) Cautionary notes on the descriptive analysis of performance curves 
in reptiles. Journal of Thermal Biology 31:287-291 
Burnham KP, Anderson DR (2003) Model selection and multimodel inference: a practical 
information-theoretic approach. Springer-Verlag New York, Inc., New York, USA 
Calosi P, Bilton DT, Spicer JI (2008) Thermal tolerance, acclimatory capacity and vulnerability to 
global climate change. Biology Letters 4:99-102 
Careau V, Biro PA, Bonneaud C, Fokam EB, Herrel A (2014) Individual variation in thermal 
performance curves: swimming burst speed and jumping endurance in wild-caught tropical 
clawed frogs. Oecologia 175:471-480 
Carpenter KE, Abrar M, Aeby G, Aronson RB and others (2008) One-third of reef-building corals face 
elevated extinction risk from climate change and local impacts. Science 321:560-563 
REFERENCES 
175 
Carricart-Ganivet JP, Cabanillas-Teran N, Cruz-Ortega I, Blanchon P (2012) Sensitivity of calcification 
to thermal stress varies among genera of massive reef-building corals. PLOS ONE 7:e32859 
Casado-Amezúa P, Machordom A, Bernardo J, González-Wangüemert M (2014) New insights into the 
genetic diversity of zooxanthellae in Mediterranean anthozoans. Symbiosis 63:41-46 
Castillo KD, Helmuth BST (2005) Influence of thermal history on the response of Montastraea 
annularis to short-term temperature exposure. Marine Biology 148:261-270 
Cerrano C, Bavestrello G, Bianchi CN, Cattaneo-Vietti R and others (2000) A catastrophic mass-
mortality episode of gorgonians and other organisms in the Ligurian Sea (North-western 
Mediterranean), summer 1999. Ecology Letters 3:284-293 
Chakravarti LJ, Beltran VH, Oppen MJ (2017) Rapid thermal adaptation in photosymbionts of reef-
building corals. Global change biology 23:4675-4688 
Chan W-P, Chen I-C, Colwell RK, Liu W-C, Huang C-y, Shen S-F. 2016. Seasonal and daily climate 
variation have opposite effects on species elevational range size. Science 351: 1437-39 
Chown SL, Gaston KJ. 2016. Macrophysiology–progress and prospects. Functional Ecology 30: 330-44 
Clarke A, Gaston KJ (2006) Climate, energy and diversity. Proceedings of the Royal Society B: 
Biological Sciences 273:2257-2266 
Clausen CD, Roth AA (1975) Effect of temperature and temperature adaptation on calcification rate 
in the hermatypic coral Pocillopora damicornis. Marine Biology 33:93-100 
Clusella-Trullas S, Blackburn TM, Chown SL (2011) Climatic predictors of temperature performance 
curve parameters in ectotherms imply complex responses to climate change. The American 
Naturalist 177:738-751 
Cocito S, Ferrier-Pagès C, Cupido R, Rottier C and others (2013) Nutrient acquisition in four 
Mediterranean gorgonian species. Marine Ecology Progress Series 473:179-188 
Coles SL, Jokiel PL, Lewis C (1976) Thermal tolerance in tropical versus subtropical Pacific reef corals. 
Pac Sci 30:159-166 
Coles SL, Jokiel PL (1977) Effects of temperature on photosynthesis and respiration in hermatypic 
corals. Marine Biology 43:209-216 
Coles SL, Brown BE (2003) Coral bleaching—capacity for acclimatization and adaptation. Advances in 
marine biology 46:183-223 
CORIOLIS (2018) CORIOLIS Data Center for Operational Oceanography. IFREMER, p Bouée de houle 
Sete du réseau Cerema-Candhis, platform code 61190, Platform name Sete, selected data 
from 61101/61101/62016 to 61101/61101/62017 
Costanza R, de Groot R, Sutton P, van der Ploeg S and others (2014) Changes in the global value of 
ecosystem services. Global Environmental Change 26:152-158 
Crafts-Brandner SJ, Salvucci ME (2000) Rubisco activase constrains the photosynthetic potential of 
leaves at high temperature and CO2. Proceedings of the National Academy of Sciences 
97:13430-13435 
Crossland C, Barnes D, Borowitzka M (1980) Diurnal lipid and mucus production in the staghorn coral 
Acropora acuminata. Marine Biology 60:81-90 
Csaszar NB, Ralph PJ, Frankham R, Berkelmans R, van Oppen MJ (2010) Estimating the potential for 
adaptation of corals to climate warming. PLOS ONE 5:e9751 
Cunningham S, Read J (2002) Comparison of temperate and tropical rainforest tree species: 
photosynthetic responses to growth temperature. Oecologia 133:112-119 
Cunningham S, Read J (2003) Comparison of temperate and tropical rainforest tree species: growth 
responses to temperature. Journal of Biogeography 30:143-153 
D'Croz L, Maté JL, Oke JE (2001) Responses to elevated sea water temperature and UV radiation in 
the coral Porites lobata from upwelling and non-upwelling environments on the Pacific coast 
of Panama. Bulletin of Marine Science 69:203-214 
Darling ES, Alvarez-Filip L, Oliver TA, McClanahan TR, Côté IM (2012) Evaluating life-history strategies 
of reef corals from species traits. Ecology Letters 15:1378-1386 
 
176 
Das AB, Prosser C (1967) Biochemical changes in tissues of goldfish acclimated to high and low 
temperatures—I. Protein synthesis. Comparative Biochemistry and Physiology 21:449-467 
De Jong G (1999) Unpredictable selection in a structured population leads to local genetic 
differentiation in evolved reaction norms. Journal of Evolutionary Biology 12:839-851 
De’ath G, Fabricius KE, Sweatman H, Puotinen M (2012) The 27–year decline of coral cover on the 
Great Barrier Reef and its causes. Proceedings of the National Academy of Sciences 
109:17995-17999 
Deutsch CA, Tewksbury JJ, Huey RB, Sheldon KS, Ghalambor CK, Haak DC, Martin PR (2008) Impacts 
of climate warming on terrestrial ectotherms across latitude. Proceedings of the National 
Academy of Sciences 105:6668-6672 
DeWitt TJ, Sih A, Wilson DS (1998) Costs and limits of phenotypic plasticity. Trends in ecology & 
evolution 13:77-81 
Dillon ME, Wang G, Huey RB. 2010. Global metabolic impacts of recent climate warming. Nature 
467: 704 
Dobzhansky T (1950) Evolution in the tropics. American Scientist 38:209-221 
Done TJ (1982) Patterns in the distribution of coral communities across the central Great Barrier 
Reef. Coral Reefs 1:95-107 
Donelson JM, Munday PL, McCormick M, Nilsson GE (2011) Acclimation to predicted ocean warming 
through developmental plasticity in a tropical reef fish. Global Change Biology 17:1712-1719 
Duarte H, Tejedo M, Katzenberger M, Marangoni F and others (2012) Can amphibians take the heat? 
Vulnerability to climate warming in subtropical and temperate larval amphibian 
communities. Global Change Biology 18:412-421 
Dubinsky Z, Jokiel PL (1994) Ratio of energy and nutrient fluxes regulates symbiosis between 
zooxanthellae and corals.  
Edmunds PJ, Gates RD (2008) Acclimatization in tropical reef corals. Marine Ecology Progress Series 
361:307-310 
Edmunds PJ (2014) Is acclimation beneficial to scleractinian corals, Porites spp.? Marine Biology 
161:1531-1542 
Edmunds PJ, Adjeroud M, Baskett ML, Baums IB and others (2014) Persistence and change in 
community composition of reef corals through present, past, and future climates. PLoS ONE 
9 
Eller F, Skálová H, Caplan JS, Bhattarai GP and others (2017) Cosmopolitan Species As Models for 
Ecophysiological Responses to Global Change: The Common Reed Phragmites australis. 
Frontiers in Plant Science 8 
Ezzat L, Merle P-L, Furla P, Buttler A, Ferrier-Pagès C (2013) The Response of the Mediterranean 
Gorgonian Eunicella singularis to Thermal Stress Is Independent of Its Nutritional Regime. 
PLOS ONE 8:e64370 
Falkowski PG, Dubinsky Z, Muscatine L, Porter JW (1984) Light and the bioenergetics of a symbiotic 
coral. Bioscience 34:705-709 
Falkowski PG, Dubinsky Z, Muscatine L, McCloskey L (1993) Population control in symbiotic corals. 
Bioscience 43:606-611 
Falter JL, Lowe RJ, Atkinson MJ, Cuet P (2012) Seasonal coupling and de-coupling of net calcification 
rates from coral reef metabolism and carbonate chemistry at Ningaloo Reef, Western 
Australia. Journal of Geophysical Research: Oceans 117 
Fangue NA, Mandic M, Richards JG, Schulte PM (2008) Swimming performance and energetics as a 
function of temperature in killifish Fundulus heteroclitus. Physiological and Biochemical 
Zoology 81:389-401 
Feder ME, Lynch JF (1982) Effects of latitude, season, elevation, and microhabitat on field body 
temperatures of neotropical and temperate zone salamanders. Ecology 63:1657-1664 
Feder ME, Hofmann GE (1999) Heat-shock proteins, molecular chaperones, and the stress response: 
evolutionary and ecological physiology. Annual Review of Physiology 61:243-282 
REFERENCES 
177 
Ferrier-Pagès C, Reynaud S, Béraud E, Rottier C, Menu D, Duong G, Gévaert F (2015) Photophysiology 
and daily primary production of a temperate symbiotic gorgonian. Photosynthesis research 
123:95-104 
Fine M, Gildor H, Genin A (2013) A coral reef refuge in the Red Sea. Global Change Biology 19:3640-
3647 
Fisher P, Malme M, Dove S (2012) The effect of temperature stress on coral–Symbiodinium 
associations containing distinct symbiont types. Coral Reefs 31:473-485 
Fitt WK, McFarland F, Warner ME, Chilcoat GC (2000) Seasonal patterns of tissue biomass and 
densities of symbiotic dinoflagellates in reef corals and relation to coral bleaching. Limnology 
and oceanography 45:677-685 
Fitt WK, Brown BE, Warner ME, Dunne RP (2001) Coral bleaching: Interpretation of thermal 
tolerance limits and thermal thresholds in tropical corals. Coral Reefs 20:51-65 
Fitt WK, Gates RD, Hoegh-Guldberg O, Bythell JC and others (2009) Response of two species of Indo-
Pacific corals, Porites cylindrica and Stylophora pistillata, to short-term thermal stress: The 
host does matter in determining the tolerance of corals to bleaching. Journal of 
Experimental Marine Biology and Ecology 373:102-110 
Forcioli D, Merle P-L, Caligara C, Ciosi M and others (2011) Symbiont diversity is not involved in 
depth acclimation in the Mediterranean sea whip Eunicella singularis. Marine Ecology 
Progress Series 439:57-71 
Forsman A (2015) Rethinking phenotypic plasticity and its consequences for individuals, populations 
and species. Heredity 115:276 
Gabriel W, Lynch M (1992) The selective advantage of reaction norms for environmental tolerance. 
Journal of Evolutionary Biology 5:41-59 
Gabriel W (1999) Evolution of reversible plastic responses: inducible defenses and environmental 
tolerance. Princeton University Press, Princeton, NJ 
Gabriel W (2005) How stress selects for reversible phenotypic plasticity. Journal of Evolutionary 
Biology 18:873-883 
Garland Jr T, Adolph SC (1994) Why not to do two-species comparative studies: limitations on 
inferring adaptation. Physiological Zoology 67:797-828 
Garrabou J, Coma R, Bensoussan N, Bally M and others (2009) Mass mortality in Northwestern 
Mediterranean rocky benthic communities: effects of the 2003 heat wave. Global Change 
Biology 15:1090-1103 
Gaston KJ (2000) Global patterns in biodiversity. Nature 405:220 
Gates RD, Baghdasarian G, Muscatine L (1992) Temperature stress causes host cell detachment in 
symbiotic cnidarians: implications for coral bleaching. The Biological Bulletin 182:324-332 
Gates RD, Edmunds PJ (1999) The physiological mechanisms of acclimatization in tropical reef corals. 
American Zoologist 39:30-43 
Gates RD, Ainsworth TD (2011) The nature and taxonomic composition of coral symbiomes as drivers 
of performance limits in scleractinian corals. Journal of Experimental Marine Biology and 
Ecology 408:94-101 
Ghalambor CK, Martin LB, Woods HA (2015) Plasticity, complexity, and the individual. Integrative 
Organismal Biology:1-22 
Gilchrist GW (1995) Specialists and generalists in changing environments. I. Fitness landscapes of 
thermal sensitivity. The American Naturalist 146:252-270 
Gilchrist GW, Kingsolver JG (2001) Is optimality over the hill? Pages 219-241 in S. H. Orzack and E. 
Sober, editors. Adaptationism and optimality. Cambridge University Press, Cambridge 
Glynn P, D'croz L (1990) Experimental evidence for high temperature stress as the cause of El Nino-
coincident coral mortality. Coral Reefs 8:181-191 
Gori A, Rossi S, Berganzo E, Pretus JL, Dale MRT, Gili J-M (2011) Spatial distribution patterns of the 
gorgonians Eunicella singularis, Paramuricea clavata, and Leptogorgia sarmentosa (Cape of 
Creus, Northwestern Mediterranean Sea). Marine Biology 158:143-158 
 
178 
Goulet TL, Cook CB, Goulet D (2005) Effect of short-term exposure to elevated temperatures and 
light levels on photosynthesis of different host-symbiont combinations in the Aiptasia 
pallida-Symbiodinium symbiosis. Limnology and Oceanography 50:1490-1498 
Graham NAJ, Nash KL (2013) The importance of structural complexity in coral reef ecosystems. Coral 
Reefs 32:315-326 
Grottoli AG, Rodrigues LJ, Palardy JE (2006) Heterotrophic plasticity and resilience in bleached corals. 
Nature 440:1186-1189 
Hazel JR, Prosser CL (1974) Molecular mechanisms of temperature compensation in poikilotherms. 
Physiological reviews 54:620-677 
Healy TM, Schulte PM (2012) Thermal acclimation is not necessary to maintain a wide thermal 
breadth of aerobic scope in the common killifish (Fundulus heteroclitus). Physiological and 
Biochemical Zoology 85:107-119 
Heron SF, Maynard JA, Ruben van Hooidonk C (2016) Warming trends and bleaching stress of the 
World’s coral reefs 1985–2012. Scientific reports 6 
Hikosaka K, Ishikawa K, Borjigidai A, Muller O, Onoda Y (2005) Temperature acclimation of 
photosynthesis: mechanisms involved in the changes in temperature dependence of 
photosynthetic rate. Journal of Experimental Botany 57:291-302 
Hinrichs S, Patten NL, Allcock RJN, Saunders SM, Strickland D, Waite AM (2013) Seasonal variations 
in energy levels and metabolic processes of two dominant Acropora species (A. spicifera and 
A. digitifera) at Ningaloo Reef. Coral Reefs 32:623-635 
Hoegh-Guldberg O, Smith GJ (1989) The effect of sudden changes in temperature, light and salinity 
on the population density and export of zooxanthellae from the reef corals Stylophora 
pistillata Esper and Seriatopora hystrix Dana. Journal of Experimental Marine Biology and 
Ecology 129:279-303 
Hoegh-Guldberg O (1999) Climate change, coral bleaching and the future of the world's coral reefs. 
Mar Freshw Res 50:839-866 
Hoegh-Guldberg O, Mumby PJ, Hooten AJ, Steneck RS and others (2007) Coral reefs under rapid 
climate change and ocean acidification. science 318:1737-1742 
Hoogenboom M, Rodolfo-Metalpa R, Ferrier-Pagès C (2010) Co-variation between autotrophy and 
heterotrophy in the Mediterranean coral Cladocora caespitosa. Journal of Experimental 
Biology 213:2399-2409 
Hoogenboom MO, Frank GE, Chase TJ, Jurriaans S and others (2017) Environmental drivers of 
variation in bleaching severity of Acropora species during an extreme thermal anomaly. 
Frontiers in Marine Science 4:376 
Houlbreque F, Ferrier-Pagès C (2009) Heterotrophy in tropical scleractinian corals. Biological Reviews 
84:1-17 
Howells E, Van Oppen M, Willis B (2009) High genetic differentiation and cross-shelf patterns of 
genetic diversity among Great Barrier Reef populations of Symbiodinium. Coral Reefs 
28:215-225 
Howells E, Beltran V, Larsen N, Bay L, Willis B, Van Oppen M (2012) Coral thermal tolerance shaped 
by local adaptation of photosymbionts. Nature Climate Change 2:116-120 
Howells EJ, Berkelmans R, van Oppen MJ, Willis BL, Bay LK (2013) Historical thermal regimes define 
limits to coral acclimatization. Ecology 94:1078-1088 
Howells EJ, Abrego D, Meyer E, Kirk NL, Burt JA (2016) Host adaptation and unexpected symbiont 
partners enable reef-building corals to tolerate extreme temperatures. Global Change 
Biology 22:2702-2714 
Huey R, Berrigan D (1996) Testing evolutionary hypotheses of acclimation. Animals and temperature: 
Phenotypic and evolutionary adaptation 59:205-237 
Huey RB, Stevenson R (1979) Integrating thermal physiology and ecology of ectotherms: a discussion 
of approaches. American Zoologist 19:357-366 
Huey RB, Hertz PE (1984) Is a jack-of-all-temperatures a master of none? Evolution 38:441-444 
REFERENCES 
179 
Huey RB, Bennett AF (1987) Phylogenetic studies of coadaptation: preferred temperatures versus 
optimal performance temperatures of lizards. Evolution 41:1098-1115 
Huey RB, Kearney MR, Krockenberger A, Holtum JA, Jess M, Williams SE. 2012. Predicting organismal 
vulnerability to climate warming: roles of behaviour, physiology and adaptation. Phil. Trans. 
R. Soc. B 367: 1665-79 
Huey RB, Kingsolver JG (1989) Evolution of thermal sensitivity of ectotherm performance. Trends in 
Ecology & Evolution 4:131-135 
Huey RB, Kingsolver JG (1993) Evolution of resistance to high temperature in ectotherms. The 
American Naturalist 142:S21-S46 
Hughes TP, Bellwood DR, Connolly SR (2002) Biodiversity hotspots, centres of endemicity, and the 
conservation of coral reefs. Ecology Letters 5:775-784 
Hughes TP, Baird AH, Bellwood DR, Card M and others (2003) Climate change, human impacts, and 
the resilience of coral reefs. Science 301:929-933 
Hughes TP, Connolly SR, Keith SA (2013) Geographic ranges of reef corals (Cnidaria: Anthozoa: 
Scleractinia) in the Indo-Pacific. Ecology 94:1659-1659 
Hughes TP, Barnes ML, Bellwood DR, Cinner JE and others (2017a) Coral reefs in the Anthropocene. 
Nature 546:82 
Hughes TP, Kerry JT, Álvarez-Noriega M, Álvarez-Romero JG and others (2017b) Global warming and 
recurrent mass bleaching of corals. Nature 543:373-377 
Hughes TP, Kerry JT, Baird AH, Connolly SR and others (2018) Global warming transforms coral reef 
assemblages. Nature:1 
Iglesias-Prieto R, Beltran V, LaJeunesse T, Reyes-Bonilla H, Thome P (2004) Different algal symbionts 
explain the vertical distribution of dominant reef corals in the eastern Pacific. Proceedings of 
the Royal Society B: Biological Sciences 271:1757 
Imsland AK, Jonassen TM, Stefansson SO, Kadowaki S, Berntssen MH (2000) Intraspecific differences 
in physiological efficiency of juvenile Atlantic halibut Hippoglossus hippoglossus L. Journal of 
the World Aquaculture Society 31:285-296 
IPCC (2014) Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and III to 
the Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Core 
Writing Team, R.K. Pachauri and L.A. Meyer (eds.)]. IPCC, Geneva, Switzerland 
Janzen DH (1967) Why mountain passes are higher in the tropics. The American Naturalist 101:233-
249 
Jeffrey St, Humphrey G (1975a) New spectrophotometric equations for determining chlorophylls a, 
b, c 1 and c 2 in higher plants, algae and natural phytoplankton. Biochemie und Physiologie 
der Pflanzen 167:191-194 
Jeffrey St, Humphrey G (1975b) New spectrophotometric equations for determining chlorophylls a, 
b, c1 and c2 in higher plants, algae and natural phytoplankton. Biochem Physiol Pflanz BPP 
John-Alder HB, Morin PJ, Lawler S (1988) Thermal physiology, phenology, and distribution of tree 
frogs. Am Nat:506-520 
Jokiel P, Coles S (1977a) Effects of temperature on the mortality and growth of Hawaiian reef corals. 
Marine Biology 43:201-208 
Jokiel P, Coles S (1990) Response of Hawaiian and other Indo-Pacific reef corals to elevated 
temperature. Coral Reefs 8:155-162 
Jokiel PL, Coles SL (1977b) Effects of temperature on the mortality and growth of Hawaiian reef 
corals. Mar Biol 43:201-208 
Jones AM, Berkelmans R (2011) Tradeoffs to thermal acclimation: energetics and reproduction of a 
reef coral with heat tolerant Symbiodinium type-D. Journal of Marine Biology 2011 
Jones RJ, Hoegh-Guldberg O, Larkum AW, Schreiber U (1998) Temperature-induced bleaching of 




Jurriaans S, Hoogenboom M (In review) Seasonal acclimation of thermal performance in two species 
of reef-building corals. Marine Ecology Progress Series 
Kassen R. 2002. The experimental evolution of specialists, generalists, and the maintenance of 
diversity. Journal of Evolutionary Biology 15: 173-90 
Karlsson B, Van Dyck H (2005) Does habitat fragmentation affect temperature-related life-history 
traits? A laboratory test with a woodland butterfly. Proceedings of the Royal Society B: 
Biological Sciences 272:1257-1263 
Kayanne H, Hata H, Kudo S, Yamano H and others (2005) Seasonal and bleaching-induced changes in 
coral reef metabolism and CO2 flux. Global Biogeochemical Cycles 19 
Kammer AR, Orczewska JI, O'Brien KM. 2011. Oxidative stress is transient and tissue specific during 
cold acclimation of threespine stickleback. Journal of Experimental Biology 214: 1248-56 
Kenkel CD, Aglyamova G, Alamaru A, Bhagooli R and others (2011) Development of gene expression 
markers of acute heat-light stress in reef-building corals of the genus Porites. PLOS ONE 
6:e26914 
Kingsolver JG, Gomulkiewicz R, Carter PA (2001) Variation, selection and evolution of function-
valued traits. In: Microevolution Rate, Pattern, Process. Springer, p 87-104 
Kingsolver JG, Huey RB (2008) Size, temperature, and fitness: three rules. Evolutionary Ecology 
Research 10:251-268 
Kingsolver JG, Diamond SE, Buckley LB (2013) Heat stress and the fitness consequences of climate 
change for terrestrial ectotherms. Functional Ecology 27:1415-1423 
Kinne O (1962) Irreversible nongenetic adaptation. Comparative Biochemistry and Physiology 5:265-
282 
Kirkwood T (1981) Repair and its evolution: survival versus reproduction. Physiological ecology; an 
evolutionary approach to resource use 
Knies JL, Izem R, Supler KL, Kingsolver JG, Burch CL (2006) The genetic basis of thermal reaction norm 
evolution in lab and natural phage populations. PLoS Biology 4:1257-1264 
Kromkamp J, Barranguet C, Peene J (1998) Determination of microphytobenthos PSII quantum 
efficiency and photosynthetic activity by means of variable chlorophyll fluorescence. Marine 
Ecology Progress Series:45-55 
Kühl M, Cohen Y, Dalsgaard T, Jørgensen BB, Revsbech NP (1995) Microenvironment and 
photosynthesis of zooxanthellae in scleractinian corals studied with microsensors for O2, pH 
and light. Marine Ecology Progress Series 117:159-172 
LaJeunesse T, Bhagooli R, Hidaka M, DeVantier L and others (2004) Closely related Symbiodinium 
spp. differ in relative dominance in coral reef host communities across environmental, 
latitudinal and biogeographic gradients. Marine Ecology Progress Series 284:147-161 
LaJeunesse TC, Loh WK, Van Woesik R, Hoegh-Guldberg O, Schmidt GW, Fitt WK (2003) Low 
symbiont diversity in southern Great Barrier Reef corals, relative to those of the Caribbean. 
Limnology and Oceanography 48:2046-2054 
LaJeunesse TC., Parkinson JE, Gabrielson PW, Jeong HJ, Reimer JD, Voolstra CR, Santos SR (2018) 
Systematic revision of Symbiodiniaceae highlights the antiquity and diversity of coral 
endosymbionts. Current Biology 28:2570-2580. e2576 
Leggat W, Seneca F, Wasmund K, Ukani L, Yellowlees D, Ainsworth TD (2011) Differential responses 
of the coral host and their algal symbiont to thermal stress. PLOS ONE 6:e26687 
Leroi AM, Bennett AF, Lenski RE (1994) Temperature acclimation and competitive fitness: an 
experimental test of the beneficial acclimation assumption. Proceedings of the National 
Academy of Sciences 91:1917-1921 
Lesser MP (1997) Oxidative stress causes coral bleaching during exposure to elevated temperatures. 
Coral Reefs 16:187-192 
Lesser MP (2006) Oxidative stress in marine environments: biochemistry and physiological ecology. 
Annu Rev Physiol 68:253-278 
REFERENCES 
181 
Levins R (1968) Evolution in changing environments: some theoretical explorations. Princeton 
University Press 
Linares C, Cebrian E, Kipson S, Garrabou J (2013) Does thermal history influence the tolerance of 
temperate gorgonians to future warming? Marine environmental research 89:45-52 
Loeschcke V, Sørensen J (2005) Acclimation, heat shock and hardening—a response from 
evolutionary biology. Journal of Thermal Biology 30:255-257 
Logan CA, Dunne JP, Eakin CM, Donner SD (2014) Incorporating adaptive responses into future 
projections of coral bleaching. Global Change Biology 20:125-139 
Lough J, Barnes D (2000) Environmental controls on growth of the massive coral Porites. Journal of 
Experimental Marine Biology and Ecology 245:225-243 
Loya Y, Sakai K, Yamazato K, Nakano Y, Sambali H, van Woesik R (2001) Coral bleaching: the winners 
and the losers. Ecology Letters 4:122-131 
Lynch M, Gabriel W (1987) Environmental tolerance. The American Naturalist 129:283-303 
Macario AJ, Conway de Macario E (2007) Molecular chaperones: multiple functions, pathologies, and 
potential applications. Frontiers in Bioscience 12:2588-2600 
Madin JS, Anderson KD, Andreasen MH, Bridge TC and others (2016) The Coral Trait Database, a 
curated database of trait information for coral species from the global oceans. Scientific 
Data 3:160017 
Marsh JA (1970) Primary productivity of reef-building calcareous red algae. Ecology 51:255-263 
Marshall A, Clode P (2004) Calcification rate and the effect of temperature in a zooxanthellate and 
an azooxanthellate scleractinian reef coral. Coral Reefs 23:218-224 
Marshall P, Baird A (2000) Bleaching of corals on the Great Barrier Reef: differential susceptibilities 
among taxa. Coral Reefs 19:155-163 
Martin TL, Huey RB (2008) Why “suboptimal” is optimal: Jensen’s inequality and ectotherm thermal 
preferences. The American Naturalist 171:E102-E118 
Maynard JA, Anthony KRN, Marshall PA, Masiri I (2008) Major bleaching events can lead to increased 
thermal tolerance in corals. Marine Biology 155:173-182 
Meyer E, Davies S, Wang S, Willis BL, Abrego D, Juenger TE, Matz MV (2009) Genetic variation in 
responses to a settlement cue and elevated temperature in the reef-building coral Acropora 
millepora. Marine Ecology Progress Series 392:81-92 
Middlebrook R, Hoegh-Guldberg O, Leggat W (2008) The effect of thermal history on the 
susceptibility of reef-building corals to thermal stress. Journal of Experimental Biology 
211:1050-1056 
Middlebrook R, Anthony KR, Hoegh-Guldberg O, Dove S (2010) Heating rate and symbiont 
productivity are key factors determining thermal stress in the reef-building coral Acropora 
formosa. Journal of Experimental Biology 213:1026-1034 
Mitchell SE, Lampert W (2000) Temperature adaptation in a geographically widespread zooplankter, 
Daphnia magna. J Evol Biol 13:371-382 
Moberg F, Folke C (1999) Ecological goods and services of coral reef ecosystems. Ecological 
Economics 29:215-233 
Moran NA (1992) The evolutionary maintenance of alternative phenotypes. The American Naturalist 
139:971-989 
Muller-Parker G, D’Elia CF, Cook CB (2015) Interactions Between Corals and Their Symbiotic Algae. 
In: Birkeland C (ed) Coral Reefs in the Anthropocene. Springer Netherlands, Dordrecht, p 99-
116 
Murren CJ, Auld JR, Callahan H, Ghalambor CK and others (2015) Constraints on the evolution of 
phenotypic plasticity: limits and costs of phenotype and plasticity. Heredity 115:293 
Muscatine L, R McCloskey L, E Marian R (1981) Estimating the daily contribution of carbon from 
zooxanthellae to coral animal respiration. Limnology and oceanography 26:601-611 
Muscatine L, Grossman D, Doino J (1991) Release of symbiotic algae by tropical sea anemones and 
corals after cold shock. Marine Ecology Progress Series:233-243 
 
182 
Muthiga NA, Szmant AM (1987) The effects of salinity stress on the rates of aerobic respiration and 
photosynthesis in the hermatypic coral Siderastrea siderea. The Biological Bulletin 173:539-
551 
Nakamura T, Van Woesik R (2001) Water-flow rates and passive diffusion partially explain 
differential survival of corals during the 1998 bleaching event. Marine Ecology Progress 
Series 212:301-304 
Oliver T, Palumbi S (2011) Do fluctuating temperature environments elevate coral thermal 
tolerance? Coral Reefs 30:429-440 
Ort DR, Baker NR (2002) A photoprotective role for O2 as an alternative electron sink in 
photosynthesis? Current Opinion in Plant Biology 5:193-198 
Palaima A, Spitze K (2004) Is a jack-of-all-temperatures a master of none? An experimental test with 
Daphnia pulicaria (Crustacea: Cladocera). Evolutionary Ecology Research 6:215-225 
Palmer CV, Mydlarz LD, Willis BL (2008) Evidence of an inflammatory-like response in non-normally 
pigmented tissues of two scleractinian corals. Proceedings of the Royal Society B: Biological 
Sciences 275:2687-2693 
Palmer CV, Modi CK, Mydlarz LD (2009) Coral Fluorescent Proteins as Antioxidants. PLOS ONE 
4:e7298 
Pandolfi JM, Bradbury RH, Sala E, Hughes TP and others (2003) Global trajectories of the long-term 
decline of coral reef ecosystems. Science 301:955-958 
Peltier G, Cournac L (2002) Chlororespiration. Annual Review of Plant Biology 53:523-550 
Perez T, Garrabou J, Sartoretto S, Harmelin J-G, Francour P, Vacelet J (2000) Mortalité massive 
d’invertébrés marins: un événement sans précédent en Méditerranée nord-occidentale. 
Comptes Rendus de l'Académie des Sciences-Series III-Sciences de la Vie 323:853-865 
Pey A, Zamoum T, Allemand D, Furla P, Merle P-L (2011) Depth-dependant thermotolerance of the 
symbiotic Mediterranean gorgonian Eunicella singularis: evidence from cellular stress 
markers. Journal of Experimental Marine Biology and Ecology 404:73-78 
Pfab F, Gabriel W, Utz M (2016) Reversible phenotypic plasticity with continuous adaptation. Journal 
of Mathematical Biology 72:435-466 
Pilon J, Santamaría L (2002) Clonal variation in the thermal response of the submerged aquatic 
macrophyte Potamogeton pectinatus. Journal of Ecology 90:141-152 
Platt T, Gallegos C, Harrison WG (1980) Photoinhibition of photosynthesis in natural assemblages of 
marine phytoplankton. Journal of Marine Research 38 
Porter JW, Fitt WK, Spero HJ, Rogers CS, White MW (1989) Bleaching in reef corals: physiological and 
stable isotopic responses. Proceedings of the National Academy of Sciences 86:9342-9346 
Pörtner H-O (2002) Climate variations and the physiological basis of temperature dependent 
biogeography: systemic to molecular hierarchy of thermal tolerance in animals. Comparative 
Biochemistry and Physiology Part A: Molecular & Integrative Physiology 132:739-761 
Pörtner H-O, Karl DM, Boyd PW, Cheung W and others (2014) Ocean systems. In: Climate change 
2014: impacts, adaptation, and vulnerability Part A: global and sectoral aspects contribution 
of working group II to the fifth assessment report of the intergovernmental panel on climate 
change. Cambridge University Press, p 411-484 
Pörtner H (2001) Climate change and temperature-dependent biogeography: oxygen limitation of 
thermal tolerance in animals. Naturwissenschaften 88:137-146 
Pörtner HO, Knust R (2007) Climate change affects marine fishes through the oxygen limitation of 
thermal tolerance. science 315:95-97 
Pratchett MS, Anderson KD, Hoogenboom MO, Widman E and others (2015) Spatial, temporal and 
taxonomic variation in coral growth—implications for the structure and function of coral 
reef ecosystems. Oceanography and Marine Biology: An Annual Review 53:215-295 
Precht H (1958) Concepts of temperature adaptation of unchanging reaction systems of cold-
blooded animals. Physiological adaptation:50-78 
REFERENCES 
183 
Previati M, Scinto A, Cerrano C, Osinga R (2010) Oxygen consumption in Mediterranean octocorals 
under different temperatures. Journal of Experimental Marine Biology and Ecology 390:39-
48 
Prosser CL (1991) Comparative animal physiology, environmental and metabolic animal physiology. 
John Wiley & Sons 
Putnam HM, Edmunds PJ (2011) The physiological response of reef corals to diel fluctuations in 
seawater temperature. Journal of Experimental Marine Biology and Ecology 396:216-223 
Ralph PJ, Gademann R (2005) Rapid light curves: a powerful tool to assess photosynthetic activity. 
Aquatic Botany 82:222-237 
Reece J, Urry LA, Meyers N, Cain ML and others (2011) Campbell biology. Pearson Higher Education 
AU 
Ribes M, Coma R, Rossi S, Micheli M (2007) Cycle of gonadal development in Eunicella singularis 
(Cnidaria: Octocorallia): trends in sexual reproduction in gorgonians. Invertebrate Biology 
126:307-317 
Ritchie KB (2006) Regulation of microbial populations by coral surface mucus and mucus-associated 
bacteria. Marine Ecology Progress Series 322:1-14 
Roberts CM, McClean CJ, Veron JEN, Hawkins JP and others (2002) Marine Biodiversity Hotspots and 
Conservation Priorities for Tropical Reefs. Science 295:1280-1284 
Rodolfo-Metalpa R, Bianchi CN, Peirano A, Morri C (2000) Coral mortality in NW Mediterranean. 
Coral Reefs 19:24-24 
Rodolfo-Metalpa R, Richard C, Allemand D, Bianchi CN, Morri C, Ferrier-Pagès C (2006a) Response of 
zooxanthellae in symbiosis with the Mediterranean corals Cladocora caespitosa and Oculina 
patagonica to elevated temperatures. Marine Biology 150:45-55 
Rodolfo-Metalpa R, Richard C, Allemand D, Ferrier-Pagès C (2006b) Growth and photosynthesis of 
two Mediterranean corals, Cladocora caespitosa and Oculina patagonica, under normal and 
elevated temperatures. Journal of Experimental Biology 209:4546-4556 
Rodolfo-Metalpa R, Peirano A, Houlbrèque F, Abbate M, Ferrier-Pagès C (2008) Effects of 
temperature, light and heterotrophy on the growth rate and budding of the temperate coral 
Cladocora caespitosa. Coral Reefs 27:17-25 
Rodolfo-Metalpa R, Hoogenboom MO, Rottier C, Ramos-Esplá A, Baker AC, Fine M, Ferrier-Pagès C 
(2014) Thermally tolerant corals have limited capacity to acclimatize to future warming. 
Global Change Biology 20:3036-3049 
Rodolfo-Metalpa R, Bianchi CN, Peirano A, Morri C (2005) Tissue necrosis and mortality of the 
temperate coral Cladocora Caespitosa. Italian Journal of Zoology 72:271-276 
Rohmer C, David JR, Moreteau B, Joly D (2004) Heat induced male sterility in Drosophila 
melanogaster: adaptive genetic variations among geographic populations and role of the Y 
chromosome. J Exp Biol 207:2735-2743 
Roth MS, Goericke R, Deheyn DD (2012) Cold induces acute stress but heat is ultimately more 
deleterious for the reef-building coral Acropora yongei. Scientific reports 2:240 
Roth MS, Deheyn DD (2013) Effects of cold stress and heat stress on coral fluorescence in reef-
building corals. Scientific reports 3:1421 
Rowan R (2004) Coral bleaching: thermal adaptation in reef coral symbionts. Nature 430:742 
Salih A, Larkum A, Cox G, Kühl M, Hoegh-Guldberg O (2000) Fluorescent pigments in corals are 
photoprotective. Nature 408:850-853 
Sammarco PW, Andrews JC (1988) Localized dispersal and recruitment in Great Barrier Reef corals: 
the Helix experiment. Science 239:1422-1424 
Sampayo E, Ridgway T, Bongaerts P, Hoegh-Guldberg O (2008) Bleaching susceptibility and mortality 
of corals are determined by fine-scale differences in symbiont type. Proceedings of the 
National Academy of Sciences 105:10444-10449 
Santamaría L, van Vierssen W (1997) Photosynthetic temperature responses of fresh- and brackish-
water macrophytes: a review. Aquatic Botany 58:135-150 
 
184 
Santamaría L, Figuerola J, Pilon JJ, Mjelde M and others (2003) Plant performance across latitude: 
The role of plasticity and local adaptation in an aquatic plant. Ecology 84:2454-2461 
Saxby T, Dennison WC, Hoegh-Guldberg O (2003) Photosynthetic responses of the coral Montipora 
digitata to cold temperature stress. Marine Ecology Progress Series 248:85-97 
Seebacher F, White CR, and Franklin CE (2015) Physiological plasticity increases resilience of 
ectothermic animals to climate change. Nature Climate Change 5:61 
Scheufen T, Krämer WE, Iglesias-Prieto R, Enríquez S (2017) Seasonal variation modulates coral 
sensibility to heat-stress and explains annual changes in coral productivity. Scientific reports 
7:4937 
Schiller C (1993a) Ecology of the symbiotic coral Cladocora caespitosa (L.)(Faviidae, Scleractinia) in 
the Bay of Piran (Adriatic Sea): II. Energy budget. Marine Ecology 14:221-238 
Schiller C (1993b) Ecology of the symbiotic coral Cladocora caespitosa (L.)(Faviidae, Scleractinia) in 
the Bay of Piran (Adriatic Sea): I. Distribution and biometry. Marine Ecology 14:205-219 
Schreiber U (2004) Pulse-amplitude-modulation (PAM) fluorometry and saturation pulse method: an 
overview. In: Chlorophyll a Fluorescence. Springer, p 279-319 
Schulte PM, Healy TM, Fangue NA (2011) Thermal Performance Curves, Phenotypic Plasticity, and 
the Time Scales of Temperature Exposure. Integrative and Comparative Biology 51:691-702 
Schulte PM (2015) The effects of temperature on aerobic metabolism: towards a mechanistic 
understanding of the responses of ectotherms to a changing environment. Journal of 
Experimental Biology 218:1856-1866 
Sidell BD, Wilson FR, Hazel J, Prosser C (1973) Time course of thermal acclimation in goldfish. Journal 
of Comparative Physiology A 84:119-127 
Silverstein RN, Cunning R, Baker AC (2015) Change in algal symbiont communities after bleaching, 
not prior heat exposure, increases heat tolerance of reef corals. Global Change Biology 
21:236-249 
Sinclair BJ, Williams CM, Terblanche JS (2012) Variation in thermal performance among insect 
populations. Physiological and Biochemical Zoology 85:594-606 
Slatkin M (1987) Gene flow and the geographic structure of natural populations. Science 236:787-
792 
Smith LW, Barshis D, Birkeland C (2007) Phenotypic plasticity for skeletal growth, density and 
calcification of Porites lobata in response to habitat type. Coral Reefs 26:559-567 
Somero G (2015) Temporal patterning of thermal acclimation: from behavior to membrane 
biophysics. Journal of Experimental Biology 218:167-169 
Somero GN (1969) Enzymic mechanisms of temperature compensation: immediate and evolutionary 
effects of temperature on enzymes of aquatic poikilotherms. The American Naturalist 
103:517-530 
Somero GN, Hochachka PW (1971) Biochemical adaptation to the environment. American Zoologist 
11:159-167 
Somero GN (2002) Thermal Physiology and Vertical Zonation of Intertidal Animals: Optima, Limits, 
and Costs of Living. Integrative and Comparative Biology 42:780-789 
Somero GN (2012) The physiology of global change: linking patterns to mechanisms. Annual Review 
of Marine Science 4:39-61 
Sørensen JG, Kristensen TN, Loeschcke V (2003) The evolutionary and ecological role of heat shock 
proteins. Ecology Letters 6:1025-1037 
Stat M, Loh W, LaJeunesse T, Hoegh-Guldberg O, Carter D (2009) Stability of coral–endosymbiont 
associations during and after a thermal stress event in the southern Great Barrier Reef. Coral 
Reefs 28:709-713 
Stat M, Gates RD (2011) Clade D Symbiodinium in scleractinian corals: a “nugget” of hope, a selfish 
opportunist, an ominous sign, or all of the above? Journal of Marine Biology 2011 
Stevens GC (1989) The latitudinal gradient in geographical range: how so many species coexist in the 
tropics. The American Naturalist 133:240-256 
REFERENCES 
185 
Stillman JH (2003) Acclimation capacity underlies susceptibility to climate change. Science 301:65-65 
Suggett DJ, Prášil O, Borowitzka MA (2010) Chlorophyll a fluorescence in aquatic sciences: methods 
and applications. Springer, Netherlands 
Sunday JM, Bates AE, Dulvy NK (2012) Thermal tolerance and the global redistribution of animals. 
Nature Climate Change 2:686 
Teneva L, Karnauskas M, Logan CA, Bianucci L, Currie JC, Kleypas JA (2012) Predicting coral bleaching 
hotspots: The role of regional variability in thermal stress and potential adaptation rates. 
Coral Reefs 31:1-12 
Tewksbury JJ, Huey RB, Deutsch CA (2008) Putting the heat on tropical animals. Science 320:1296 
Tremblay P, Peirano A, Ferrier-Pagès C (2011) Heterotrophy in the Mediterranean symbiotic coral 
Cladocora caespitosa: comparison with two other scleractinian species. Marine Ecology 
Progress Series 422:165-177 
Tremblay P, Grover R, Maguer JF, Legendre L, Ferrier-Pagès C (2012) Autotrophic carbon budget in 
coral tissue: a new 13C-based model of photosynthate translocation. Journal of 
Experimental Biology 215:1384-1393 
Tremblay P, Grover R, Maguer JF, Hoogenboom M, Ferrier-Pagès C (2014) Carbon translocation from 
symbiont to host depends on irradiance and food availability in the tropical coral Stylophora 
pistillata. Coral Reefs 33:1-13 
Ulstrup KE, Kühl M, van Oppen M, Cooper T, Ralph PJ (2011) Variation in photosynthesis and 
respiration in geographically distint populations of two reef-building coral species. Aquatic 
Biology 12:241-248 
van Berkum FH (1988) Latitudinal patterns of the thermal sensitivity of sprint speed in lizards. The 
American Naturalist 132:327-343 
van Oppen MJ, Oliver JK, Putnam HM, Gates RD (2015) Building coral reef resilience through assisted 
evolution. Proceedings of the National Academy of Sciences 112:2307-2313 
Van Woesik R, Sakai K, Ganase A, Loya Y (2011) Revisiting the winners and the losers a decade after 
coral bleaching. Mar Ecol Prog Ser 434:67-76 
Veal C, Carmi M, Fine M, Hoegh-Guldberg O (2010) Increasing the accuracy of surface area 
estimation using single wax dipping of coral fragments. Coral Reefs 29:893-897 
Veron J (2013) Corals of the World.  
Veron JEN (1995) Corals in space and time: the biogeography and evolution of the Scleractinia. 
Cornell University Press 
Veron JEN (2000) Corals of the World. Australian Institute of Marine Science, Townsville 
Visram S, Wiedenmann J, Douglas A (2006) Molecular diversity of symbiotic algae of the genus 
Symbiodinium (Zooxanthellae) in cnidarians of the Mediterranean Sea. Journal of the Marine 
Biological Association of the United Kingdom 86:1281-1283 
Visram S, Douglas AE (2007) Resilience and acclimation to bleaching stressors in the scleractinian 
coral Porites cylindrica. Journal of Experimental Marine Biology and Ecology 349:35-44 
Wallace C (1999) Staghorn corals of the world: a revision of the genus Acropora. CSIRO publishing 
Walther BD, Kingsford MJ, McCulloch MT (2013) Environmental records from Great Barrier Reef 
corals: Inshore versus offshore drivers. PLOS ONE 8:e77091 
Warner M, Fitt W, Schmidt G (1996) The effects of elevated temperature on the photosynthetic 
efficiency of zooxanthellae in hospite from four different species of reef coral: a novel 
approach. Plant, Cell & Environment 19:291-299 
Warner M, Chilcoat G, McFarland F, Fitt W (2002) Seasonal fluctuations in the photosynthetic 
capacity of photosystem II in symbiotic dinoflagellates in the Caribbean reef-building coral 
Montastraea. Marine Biology 141:31-38 
Warner ME, Fitt WK, Schmidt GW (1999) Damage to photosystem II in symbiotic dinoflagellates: a 
determinant of coral bleaching. Proceedings of the National Academy of Sciences 96:8007-
8012 
Weinberg S, Weinberg F (1979) The life cycle of a gorgonian. Bijdragen tot de Dierkunde 48:127-140 
 
186 
Weis VM (2008) Cellular mechanisms of Cnidarian bleaching: stress causes the collapse of symbiosis. 
Journal of Experimental Biology 211:3059-3066 
Whitman DW, Agrawal AA (2009) What is phenotypic plasticity and why is it important. Phenotypic 
plasticity of insects: Mechanisms and consequences:1-63 
Wilkerson F, Kobayashi D, Muscatine L (1988) Mitotic index and size of symbiotic algae in Caribbean 
reef corals. Coral Reefs 7:29-36 
Wilson RS (2001) Geographic variation in thermal sensitivity of jumping performance in the frog 
Limnodynastes peronii. Journal of Experimental Biology 204:4227-4236 
Wilson RS, Franklin CE (2002) Testing the beneficial acclimation hypothesis. Trends in Ecology & 
Evolution 17:66-70 
Withers P (1992) Comparative Animal Physiology. Saunders College Publishing, Fort Worth, Texas, 
USA 
Xiang J, Weiguo D, Pingyue S (1996) Body temperature, thermal tolerance and influence of 
temperature on sprint speed and food assimilation in adult grass lizards, Takydromus 
septentrionalis. Journal of Thermal Biology 21:155-161 
Yakovleva I, Hidaka M (2004) Different effects of high temperature acclimation on bleaching-
susceptible and tolerant corals. SYMBIOSIS-REHOVOT- 37:87-106 









Table A.1 Results of the likelihood ratio test that compared the fit of a simple linear regression with the fit of piecewise linear regressions to the 
physiological responses. When piecewise regressions proved to be a better fit to the data (p-value < 0.05), this indicated that the physiological response 
varied between 10 days intervals. 
  Chilled Heated Ambient 
Response Regression df AIC logLik L.ratio 
p-
value df AIC logLik L.ratio 
p-
value df AIC logLik L.ratio 
p-
value 
Pnet Simple 3 -284 145   3 -197 101   - - -   
 Piecewise 7 -288 151 12.82 0.012 7 -198 106 8.89 0.064 - - - - - 
R Simple 3 -222 114   3 -197 101   - - -   
 Piecewise 7 -227 121 13.88 0.008 7 -208 111 19.59 0.000 - - - - - 
Fv /Fm Simple 4 -1605 807   4 -1170 589   4 -797 403   
 Piecewise 8 -1620 818 23.39 0.000 8 -1193 605 31.08 0.000 8 -818 417 28.34 0.000 
ΔF/Fm’ Simple 4 -369 189   4 -271 139   4 -156 82   
 Piecewise 6 -368 190 2.89 0.236 6 -267 140 0.31 0.858 6 -153 83 1.16 0.561 
Qm Simple 3 -302 154   3 -200 103   3 -124 65   
 Piecewise 5 -301 156 3.29 0.193 5 -195 103 0.40 0.819 5 -120 65 0.43 0.807 
rETRm Simple 4 1029 -511   4 1048 -520   4 322 -514   







Table A.2 Tukey posthoc comparisons between the slopes of the physiological responses to temperature during three time intervals (days 0-10, 11-
20 and 21-30).  
  Chilled Heated Ambient 
Response 
Comparison 













Pnet 0-10 vs 11-20 0.015 0.006 2.754 0.007 0.005 0.008 0.567 0.572 - - - - 
 0-10 vs 21-30 -0.001 0.006 -0.250 0.803 0.019 0.008 2.301 0.023 - - - - 
 11-20 vs 21-30 -0.017 0.006 -2.820 0.006 0.015 0.008 1.793 0.076 - - - - 
Resp 0-10 vs 11-20 0.008 0.007 1.018 0.311 -0.012 0.008 -1.500 0.136 - - - - 
 0-10 vs 21-30 -0.013 0.007 -1.753 0.082 0.006 0.008 0.734 0.461 - - - - 
 11-20 vs 21-30 -0.020 0.008 -2.485 0.014 0.018 0.008 2.416 0.017 - - - - 
Fv/Fm 0-10 vs 11-20 0.003 0.002 2.130 0.034 0.011 0.002 4.875 0.000 0.002 0.002 0.757 0.450 
 0-10 vs 21-30 0.005 0.002 2.945 0.003 0.002 0.003 0.769 0.443 0.004 0.002 1.540 0.125 
 11-20 vs 21-30 0.002 0.002 0.788 0.431 -0.009 0.003 -2.965 0.003 0.002 0.003 0.817 0.415 
ΔF/Fm’ 9-20 vs 21-30 0.001 0.002 0.603 0.548 -0.001 0.003 -0.378 0.707 0.004 0.004 1.005 0.321 
Qm 9-20 vs 21-30 0.002 0.003 0.788 0.433 0.002 0.005 0.416 0.679 0.003 0.006 0.455 0.651 
 
 
Figure A. 1 Mean net photosynthesis rates (top panels) and absolute respiration rates (bottom panels) of massive Porites spp. during 30 days exposed 
to chilled (21 ⁰C; a,d), ambient (26 ⁰C; b,e) or heated (31 ⁰C; c,f) seawater. During the first 7 days, measurements were taken every morning and 
evening, the remaining days measurements were taken in evening. Repeated measured fragments are excluded from regression. Fragments at 
ambient seawater were measured after 1, 7, 15, 21 and 30 days of exposure. Data points represent averages (excluding repeated measured individuals, 
hence N is variable), error bars are standard error of the mean and line shows the linear regression that was fitted to data. 
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Table B.1 AIC values when symmetrical (Gaussian, Quadratic) and asymmetrical (Mod. Gaussian, 
Weibull) functions were fitted to different combinations of data selection for different 
physiological responses. Functions were fitted as follows: 1) seasonal and species variation 
pooled together, referred to as “all data”; 2) only seasonal variation; 3) only species variation; 4) 
species and seasonal variation; 5) species, seasonal and within-population variability. When a 
function could not be fitted, it is displayed as ‘No fit’ and was not selected for the model. 
Thermal 
response Data selection Gaussian Quadratic 
Mod. 
Gaussian Weibull 
Pnet  All data -699.95 -688.37 -707.33 -711.22 
 Season -901.03 -896.43 No fit -898.60 
 Species -821.19 -812.31 -825.40 -817.94 
 Season * Species -1119.30 -1110.98 -1152.69 -1102.72 
 Season * Species * Colony -1238.12 1229.08 No fit 1237.98 
Fv/Fm  All data 4543.37 4548.74 4523.89 4574.89 
 Season 4377.10 4385.22 4380.01 4397.31 
 Species 4517.47 4521.13 4507.23 4551.80 
 Season * Species 4319.42 4331.76 4323.77 4351.38 
 Season * Species * Colony 4299.04 4329.78 No fit 4311.86 
rETRm  All data -1387.04 -1387.94 -1388.22 -1387.59 
 Season -1682.97 -1684.23 -1692.52 -1677.57 
 Species -1424.96 -1426.08 -1425.39 -1425.66 
 Season * Species -1760.98 -1763.02 -1286.10 -1753.35 






Table B.2 Comparison of thermal performance curves with different combinations of data 
selection for different physiological responses. Nonlinear regression models were fitted to the 
data for net photosynthesis rate, Fv/Fm and rETRm data; linear regression models were fitted to 
respiration rate. Models were fitted as follows: 1) seasonal and species variation pooled together, 
referred to as “all data”; 2) only seasonal variation; 3) only species variation; 4) species and 
seasonal variation; 5) species, seasonal and within-population variability. K is number of 
estimated parameters in the model, delta AIC is the difference between the AIC value of the model 
and the minimum AIC value among all the models of the thermal response and the AIC weight is 
the weighted average of the model and represent the relative likelihood. 
Thermal 
response Data selection K 
Cumulative 
AIC Δ AIC AIC weight 
Pnet All data 3 -699.95 538.17 1.37 x 10-92 
 Season 6 -901.03 337.09 6.34 x 10-74 
 Species 6 -821.19 416.93 2.92 x 10-91 
 Season * Species 12 -1119.30 118.83 1.57 x 10-26 
 Season * Species * Colony 60 -1238.12 0.00 1.00 
R  All data 4 561.20 -1114.40 1.42 x 10-24 
 Season 6 601.74 -1191.48 7.76 x 10-8 
 Species 6 575.64 -1139.28 3.59 x 10-19 
 Season * Species 10 622.11 -1224.22 1.00 
 Without colony (gls) 9 601.20 -1184.40 2.26 x 10-9 
Fv/Fm All data 3 -1387.039 652.816 1.75 x 10-142 
 Season 6 -1682.970 356.884 3.19 x 10-78 
 Species 6 -1424.962 614.893 3.00 x 10-134 
 Season * Species 12 -1760.978 278.877 2.77 x 10-61 
 Season * Species * Colony 60 -2039.854 0.000 1.00 
rETRm All data 3 4543.372 244.337 8.77 x 10-54 
 Season 6 4377.098 78.063 1.12 x 10-17 
 Species 6 4517.468 218.433 3.70 x 10-48 
 Season * Species 12 4319.420 20.385 3.74 x 10-5 





Table B.3 Best fit and 95% confidence interval around the coefficient estimates for data pooled 
together (i.e. ignoring species and season variation) for each physiological thermal response 
variable of Acropora valenciennesi and Porites cylindrica computed through least square non-
linear regression for net photosynthesis rate, Fv/Fm and rETRm and linear regression for 
respiration rate. 





Net photosynthesis  Pfmax (O2 h-1 cm-2) 0.35 0.33 – 0.37 
rate Topt (⁰C) 22.9 21.9 – 23.6 
 Tbr (⁰C) 13.6 12.0 – 15.8 
Respiration rate Intercept -0.27 -0.35 – -0.19 
 Temp 0.02 0.02 – 0.02 
Fv/Fm Pfmax (no unit) 0.66 0.65 – 0.66 
 Topt (⁰C) 28.6 28.0 – 29.3 
 Tbr (⁰C) 28.2 25.6 – 32.0 
rETRm Pfmax (no unit) 71.24 68.81 – 73.70 
 Topt (⁰C) 27.4 26.9 – 27.9 







Figure B.1 Variation in thermal performance according to summer and winter temperature in 
Acropora valenciennesi (circles) and Porites cylindrica (squares). Data points are the parameter 
estimates of the performance curves with in the first column maximum performance (Pfmax), in 
the middle column thermal optimum (Topt) and in the last column thermal breadth (Tbr) for the 
net photosynthesis rate (a-c), maximum PSII quantum yield (d-f) and maximum electron 
transport rate (g-i). The shaded regions show the 95% confidence interval for each estimated 





Table C.1 AIC values when symmetrical (Gaussian, Quadratic) and asymmetrical (Mod. Gaussian, 
Weibull) functions were fitted to different combinations of data selection for different 
physiological responses. Functions were fitted as follows: 1) location, species and colony 
variability pooled together, referred to as “all data”; 2) only variability by location; 3) only 
variability by species; 4) variability by species and location; 5) species, location and within-
population variability. When a function could not be fitted, it is displayed as ‘No fit’ and was not 
selected for the model. 
Thermal 
response Data selection Gaussian Quadratic 
Mod. 
Gaussian Weibull 
Pnet All data 650.23 657.33 No fit 664.49 
 Location -281.92 -268.93 No fit -254.82 
 Species 451.65 461.25 No fit 470.82 
 Location * Species -849.21 -815.31 No fit -791.30 
 Loc. * Spec. * Colony -1071.61 -1021.57 No fit -1040.56 
Resp  All data -241.40 -239.88 -243.88 -236.25 
 Location -1304.05 -1300.75 No fit -1298.57 
 Species -360.57 -359.32 No fit -355.07 
 Location * Species -1764.20 -1759.79 No fit -1743.86 
 Loc. * Spec. * Colony -1890.88 -1876.51 No fit -1834.10 
Fv/Fm  All data -2654.58 -2660.56 -2730.44 -2622.88 
 Location -2698.01 -2705.28 No fit -2665.45 
 Species -2803.05 -2810.83 -2905.54 -2765.15 
 Location * Species -2879.31 -2889.52 No fit -2837.93 
 Loc. * Spec. * Colony -3102.99 -3086.73 No fit -3082.85 
rETRm  All data 7328.03 7325.43 No fit 7340.98 
 Location 6490.26 6500.77 No fit 6504.11 
 Species 7298.87 7296.31 No fit 7312.17 
 Location * Species 6397.89 6412.15 No fit 6439.81 








Table C.2 Comparison of thermal performance curves with different combinations of data 
selection for different physiological responses. Nonlinear regression models were fitted to the 
data as follows: 1) location, species and colony variability pooled together, referred to as “all 
data”; 2) only variability by location; 3) only variability by species; 4) variability by species and 
location; 5) species, location and within-population variability. K is number of estimated 
parameters in the model, delta AIC is the difference between the AIC value of the model and the 
minimum AIC value among all the models of the thermal response and the AIC weight is the 
weighted average of the model and represent the relative likelihood. 
Thermal 
response 
Data selection K Cumulative AIC Δ AIC 
Pnet  All data 3 657.33 1678.90 
 Location 9 -268.93 752.64 
 Species 6 461.25 1482.82 
 Location * Species 18 -477.24 544.33 
 Location * Species * Colony 93 -1021.57 0.00 
R All data 3 -241.40 1649.48 
 Location 9 -1304.05 586.83 
 Species 6 -360.57 1530.31 
 Location * Species 18 -1764.21 126.68 
 Location * Species * Colony 90 -1890.88 0.00 
Fv/Fm All data 3 -2654.58 432.15 
 Location 9 -2698.01 388.72 
 Species 6 -2803.05 283.68 
 Location * Species 18 -2879.31 207.42 
 Location * Species * Colony 93 -3086.73 0.00 
rETRm All data 3 7328.03 2487.53 
 Location 9 6490.26 1649.75 
 Species 6 7298.87 2458.37 
 Location * Species 18 6397.89 1557.38 






Table C.3 Tukey post-hoc p-values to specifically compare the parameter estimates of Acropora 
spp. and Porites cylindrica populations at Heron Island with Orpheus Island, Heron Island with 
Lizard Island and Orpheus Island with Lizard Island. 
Thermal Parameter Acropora spp. P. cylindrica 
response estimate HI - OI HI - LI OI - LI HI - OI HI - LI OI – LI 
Pnet  Pmax  0.000 0.000 0.952 0.000 0.000 0.000 
rate Topt  0.009 0.530 0.055 0.012 0.454 0.143 
 Tbr  0.015 0.026 0.977 0.388 0.949 0.243 
R rate Pmax  0.700 0.058 0.146 0.000 0.001 0.219 
 Topt  0.081 0.257 0.835 0.505 0.979 0.390 
 Tbr  0.755 0.550 0.895 0.250 0.986 0.191 
Fv/Fm Pmax  0.748 0.750 0.286 0.607 0.760 0.226 
 Topt  0.972 0.697 0.500 0.134 0.796 0.038 
 Tbr  0.867 0.091 0.149 0.743 0.909 0.954 
rETRm Pmax  0.000 0.000 0.000 0.016 0.000 0.000 
 Topt  0.000 0.000 0.367 0.000 0.000 0.521 




Table C.4 Parameter estimates (Pmax, Topt and Tbr) for the individual Acropora and Porites colonies around Heron Island for four physiological response 
variables (net photosynthesis rate, respiration rate, maximum quantum yield and electron transport rate). Non-linear regressions were fitted to the 
data of 4 fragments from the same colony. Acropora colony A.51 was excluded at the start of the experiment due to paleness and replaced by the same 
amount of extra fragments of colony A.52.  
Thermal Parameter Heron Island Acropora population Heron Island Porites population 
response estimate A.51 A.52 A.53 A.54 A.55 P.51 P.52 P.53 P.54 P.55 
Pnet rate Pmax (O2 h-1 cm-2) Excluded 0.73 ± 0.08 0.61 ± 0.26 0.75 ± 0.09 0.99 ± 0.19 1.02 ± 0.11 1.25 ± 0.14 1.27 ± 0.13 1.18 ± 0.11 1.06 ± 0.08 
 Topt (⁰C) Excluded 23.5 ± 3.4 19.0 ± 19.7 22.9 ± 4.8 21.2 ± 4.7 29.3 ± 1.7 26.8 ± 1.5 27.9 ± 0.6 31.3 ± 4.1 25.1 ± 3.4 
 Tbr (⁰C) Excluded 15.0 ± 7.0 26.2 ± 31.4 19.4 ± 10.0 14.8 ± 6.6 13.2 ± 5.2 14.8 ± 6.6 8.4 ± 1.6 18.4 ± 10.2 20.6 ± 13.0 
R rate Pmax (O2 h-1 cm-2) Excluded 0.54 ± 0.02 0.48 ± 0.02 0.55 ± 0.03 0.51 ± 0.02 0.59 ± 0.03 1.09 ± 0.20 0.70 ±0.04 0.81 ± 0.05 0.73 ± 0.03 
 Topt (⁰C) Excluded 29.1 ± 0.5 28.8 ± 0.9 29.5 ± 1.1 28.4 ± 0.6 29.6 ± 0.8 33.6 ± 5.6 29.3 ± 0.6 30.7 ± 1.2 29.1 ± 1.1 
 Tbr (⁰C) Excluded 15.8 ± 2.0 18.2 ± 4.2 15.4 ± 3.6 16.2 ± 2.6 13.4 ± 2.4 16.8 ± 8.6 10.0 ± 1.6 12.6 ± 2.6 17.4 ± 4.4 
Fv/Fm Pmax (no unit) Excluded 0.72 ± 0.01 0.74 ± 0.01 0.73 ± 0.01 0.74 ± 0.01 0.68 ± 0.01 0.67 ± 0.01 0.69 ± 0.01 0.69 ± 0.01 0.70 ± 0.01 
 Topt (⁰C) Excluded 25.9 ± 0.7 25.7 ± 1.0 26.2 ± 0.7 26.5 ± 0.8 26.5 ± 1.4 27.5 ± 1.0 25.2 ± 1.7 25.6 ± 0.8 25.4 ± 1.3 
 Tbr (⁰C) Excluded 34.8 ± 5.4 37.8 ± 7.6 30.2 ± 5.6 30.8 ± 6.4 37.8 ± 13.6 35.9 ± 6.6 36.0 ± 11.0  30.8 ± 5.2 32.8 ± 8.4 
rETRm Pmax (no unit) Excluded 120.0 ± 6.3  119.1 ± 10.6 124.4 ± 6.1 129.7 ± 9.7 96.7 ± 4.9 105.3 ± 4.8 92.5 ± 6.4 101.1 ± 6.1 105.9 ± 14.8 
 Topt (⁰C) Excluded 24.5 ± 2.0 21.6 ± 5.9 23.3 ± 2.8 25.5 ± 2.2 25.6 ± 0.7 25.8 ± 1.2 24.1 ± 4.2 25.3 ± 1.1 19.3 ± 8.1 






Table C.5 Parameter estimates (Pmax, Topt and Tbr) for the individual Acropora and Porites colonies around Orpheus Island for four physiological 
response variables (net photosynthesis rate, respiration rate, maximum quantum yield and electron transport rate). Non-linear regressions were fitted 
to the data of 4 fragments from the same colony (for colonies A.11 & A.18 of the Acropora population, and P.12 &P.16 of the Porites population, 
regressions were fitted to only 2 fragments of the same colony). 
Thermal  Orpheus Island Acropora population Orpheus Island Porites population 
response  A.5 A.6 A.8 A.11 A.15 A.18 P.12 P.16 P.20 P.31 P.32 P.33 
Pnet rate Pmax 0.27 ± 0.02 0.20 ± 0.01 0.34 ± 0.03 0.36 ± 0.04 0.32 ± 0.03 0.32 ± 0.03 0.26 ± 0.02 0.21 ± 0.01 0.23 ± 0.03 0.26 ± 0.01 0.24 ± 0.03 0.28 ± 0.10 
 Topt  25.8 ± 1.1 26.8 ± 0.6 29.0 ± 0.6 29.5 ± 1.0 27.2 ± 0.8 28.8 ± 0.9 24.5 ± 1.2 27.3 ± 0.8 22.3 ± 6.8 24.5 ± 1.0 21.9 ± 3.9 16.5 ± 8.7 
 Tbr  11.2 ± 2.6 11.0 ± 1.8 9.0 ± 1.8 10.4 ± 3.0 10.4 ± 2.2 11.0 ± 3.0 10.8 ± 2.0 21.2 ± 4.4 24.4 ± 13.8 14.2 ± 2.0 18.4 ± 6.0 22.4 ± 8.8 
R rate Pmax 0.28 ± 0.09 0.84 ± 0.21 0.38 ± 0.07 0.37 ± 0.07 0.44 ± 1.12 0.36 ± 0.25 0.15 ± 0.01 0.24 ± 0.08 0.17 ± 0.01 0.20 ± 0.01 0.23 ± 0.01 0.21 ± 0.02  
 Topt 38.1 ± 8.3 36.9 ± 7.0 35.6 ± 3.2 34.7 ± 3.8 51.5 ± 78.7 40.6 ± 14.5 27.2 ± 1.5 38.9 ± 10.0 33.4 ± 3.1 28.5 ± 0.7 31.5 ± 5.0 32.5 ± 5.2 
 Tbr 20.6 ± 9.6 11.4 ± 8.8 13.0 ± 3.8 12.4 ± 4.8 36.8 ± 64.8 20.6 ± 13.4 17.0 ± 6.6 23.2 ± 11.8  18.2 ± 6.2 15.0 ± 3.4 25.6 ± 19.6 22.6 ± 14.8 
Fv/Fm Pmax 0.72 ± 0.01 0.71 ± 0.01 0.73 ± 0.01 0.72 ± 0.01 0.72 ± 0.01 0.74 ± 0.01 0.66 ± 0.01 0.63 ± 0.02 0.66 ± 0.01 0.70 ± 0.01 0.71 ± 0.01 0.64 ± 0.02 
 Topt 26.2 ± 0.7 25.4 ± 0.7 27.2 ± 0.6 23.7 ± 4.0 26.0 ± 1.3 27.2 ± 0.7 27.8 ± 0.6 29.4 ± 2.0 28.0 ± 0.3 26.8 ± 1.3 27.3 ± 1.1 27.4 ± 0.7 
 Tbr 20.0 ± 2.6 25.2 ± 2.6 30.0 ± 4.6 43.2 ± 17.6 57.6 ± 8.4 29.2 ± 5.4 25.8 ± 4.6 33.2 ± 18.0 17.0 ± 1.6 40.6 ± 11.6 45.6 ± 12.6 19.2 ± 3.6 
rETRm Pmax 84.0 ± 4.4 88.2 ± 3.6 76.8 ± 4.2 68.0 ± 5.2 76.6 ± 4.4 74.7 ± 6.2 106 ± 9.0 73.1 ± 4.7 82.2 ± 8.4 79.1 ± 5.2 84.9 ± 6.2 76.4 ± 3.8 
 Topt 28.4 ± 0.3 29.0 ± 0.2 28.6 ± 0.3 28.7 ± 0.3 28.7 ± 0.3 28.0 ± 0.4 27.5 ± 0.5 30.4 ± 0.6 29.4 ± 0.9 29.1 ± 0.5 29.0 ± 0.6 29.6 ± 0.3 




Table C.6 Parameter estimates (Pmax, Topt and Tbr) for the individual Acropora and Porites colonies around Lizard Island for four physiological 
response variables (net photosynthesis rate, respiration rate, maximum quantum yield and electron transport rate). Non-linear regressions were 
fitted to the data of 4 fragments from the same colony. There are no parameter estimates for the respiration rate of Acropora colony A.43, because 
the Gaussian distribution did not fit the data. 
Thermal Parameter Lizard Island Acropora population Lizard Island Porites population 
response estimate A.41 A.42 A.43 A.44 A.45 P.41 P.42 P.43 P.44 P.45 
Pnet rate Pmax (O2 h-1 cm-2) 0.26 ± 0.02 0.34 ± 0.16 0.19 ± 0.03 0.26 ± 0.03 0.37 ± 0.04 0.31 ± 0.02 0.56 ± 0.03 0.69 ± 0.06 0.80 ± 0.06 0.86 ± 0.05 
 Topt (⁰C) 23.4 ± 1.4 17.9 ± 8.7 29.0 ± 0.6 23.7 ± 2.5 24.1 ± 1.4 23.8 ± 3.3 28.1 ± 0.5 27.2 ± 1.0 24.6 ± 2.1 26.1 ± 0.7 
 Tbr (⁰C) 10.6 ± 2.4 16.8 ± 8.6 5.2 ± 1.8 11.8 ± 4.6 10.4 ± 2.6 18.0 ± 7.6 13.4 ± 2.0 11.8 ± 3.2 16.2 ± 5.4 11.8 ± 2.0 
R rate Pmax (O2 h-1 cm-2) 0.20 ± 0.01 0.24 ± 0.01 n.a. 0.22 ± 0.09 0.37 ± 0.79 0.26 ± 0.02 0.37 ± 0.02 0.39 ± 0.03 0.44 ± 0.03 0.46 ± 0.03 
 Topt (⁰C) 30.2 ± 0.7 30.4 ± 2.2 n.a. 35.4 ± 11.6 52.1 ± 77.3 28.7 ± 0.9 28.6 ± 0.5 29.2 ± 0.9 28.6 ± 0.5 27.8 ± 0.5 
 Tbr (⁰C) 13.2 ± 1.8 18.4 ± 6.6 n.a. 19.8 ± 15.6 40.8 ± 66.2 15.0 ± 3.8 11.8 ± 1.6 12.6 ± 2.8 11.6 ± 1.6 11.4 ± 1.6 
Fv/Fm Pmax (no unit) 0.78 ± 0.02 0.72 ± 0.01 0.72 ± 0.01 0.72 ± 0.00 0.77 ± 0.02 0.70 ± 0.01 0.68 ± 0.01 0.70 ± 0.01  0.70 ± 0.01 0.69 ± 0.01 
 Topt (⁰C) 26.8 ± 0.5 25.9 ± 0.6 27.6 ± 1.9 26.0 ± 0.8 26.7 ± 0.5 26.2 ± 0.7 26.3 ± 1.0 26.5 ± 0.6 21.7 ± 5.0 26.6 ± 0.5 
 Tbr (⁰C) 14.2 ± 1.8 20.6 ± 2.8 22.4 ± 12.4 35.8 ± 7.6 14.0 ± 1.8 26.8 ± 3.8 31.4 ± 6.0 20.2 ± 2.4 54.2 ± 20.0 27.6 ± 3.0 
rETRm Pmax (no unit) 46.4 ± 2.5 51.9 ± 3.7 48.3 ± 3.0 58.7 ± 5.8 55.2 ± 3.6 35.3 ± 2.3 56.6 ± 3.9 51.4 ± 3.3 51.9 ± 1.9 53.7 ± 3.8 
 Topt (⁰C) 28.9 ± 0.8 28.8 ± 0.9 30.4 ± 0.8 29.6 ± 1.6 29.1 ± 0.9 29.3 ± 1.4 30.0 ± 1.0 30.6 ± 0.7 30.9 ± 1.0 30.3 ± 0.8 




Table C.7 Results of the mixed effect models to detect variation in the chlorophyll concentration 
in Acropora spp. and P. cylindrica between locations and treatments (main effects) taking into 
account colony variation (as random effect). 
Species Parameter df F-value p -value 
Acropora spp. Location 2, 12 112.22 < .001 
 Treatment 1, 38 61.59 < .001 
 Location * Treatment 2, 38 14.60 < .001 
P. cylindrica Location 2, 14 3.08 0.078 
 Treatment 1, 40 24.95 < .001 




Table C.8 Results of a two-way ANOVA to detect differences in the chlorophyll concentration 
after exposure to ambient temperature between species (Acropora spp. and Porites cylindrica) 
and locations.  
Parameter Degrees of Freedom 
Sum of 
squares Mean square F-value p -value 
Location 2 0.574 0.287 31.21 < .001 
Species 1 0.107 0.107 11.65 0.002 
Location * Species 2 0.019 0.010 1.04 0.368 




Table C.9 Annual average (and monthly minimum) seawater temperatures ranging from April to 
March of the corresponding years at reefs around Heron Island, Orpheus Island and Lizard Island 
(AIMS 2017), and the thermal optimum (and standard deviation) for net photosynthesis rate in 
Acropora spp. and Porites cylindrica. 









Heron Isl. 24.2 (20.8) 24.5 (21.3) 24.6 (21.1) 21.7 ± 2.0 28.1 ± 2.4 
Orpheus Isl. 26.2 (22.3) 26.4 (22.6) Post exp. 27.8 ± 1.5 22.8 ± 3.3 





Table D.1 AIC values when symmetrical (Gaussian, Quadratic) and asymmetrical (Mod. Gaussian, 
Weibull) functions were fitted to different combinations of data selection for net photosynthesis 
rate and rETRm. When a function could not be fitted, it is displayed as ‘No fit’ and was not selected 
for the model. 
Thermal 
response 
Data selection Gaussian Quadratic Mod. 
Gaussian 
Weibull 
Pnet All data 451.02 448.37 429.69 451.08 
 Region 321.89 324.49 No fit 330.53 
 Species -238.55 -229.37 No fit -196.98 
 Colony -266.96 -257.91 No fit -263.90 
rETRm  All data 4882.09 4949.53 4835.52 4873.60 
 Region 4195.01 4193.99 No fit 4194.41 
 Species 3950.33 3949.88 No fit 3948.92 
 Colony 3901.37 3901.07 No fit 3899.07 
 
 
Table D.2 Model selection of thermal performance curves with different combinations of data 
selection for the physiological responses. Nonlinear regression models were fitted to the data for 
net photosynthesis rate and rETRm; mixed linear regression models were fitted to respiration rate 
and Fv/Fm. K is number of estimated parameters in the model, ΔAIC is the difference between the 
AIC value of the model and the minimum AIC value among all the models of the thermal response. 
Thermal response Data selection K/df Cumulative AIC Δ AIC 
Net photosynthesis  All data 3 448.37 705.15 
rate Region 6 324.49 581.27 
 Species 12 -229.37 27.41 
 Colony 60 -256.782 0.00 
rETRm All data 3 4882.09 980.72 
 Region 6 4195.01 293.64 
 Species 12 3950.33 48.96 
 Colony 60 3901.373 0.00 
Respiration rate All data 4 -807.27 58.68 
 Region 6 -814.01 51.94 
 Species 10 -865.95 0.00 
Fv/Fm All data 4 -1991.55 91.71 
 Region 6 -2002.99 80.27 
 Species 10 -2083.26 0.00 
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Table D.3 Tukey posthoc p-values comparing the parameter estimates (Pfmax, Topt and Tbr) for the 
thermal performance curves of Pnet (shaded) and rETRm (clear) between the four coral species. 
  C. caespitosa E. singularis A. intermedia P. cylindrica 






























































Table D.4 Parameter estimates (Pmax, Topt and Tbr) for the individual colonies of the temperate corals Cladocora caespitosa and Eunicella singularis for 
two physiological response variables (net photosynthesis rate and electron transport rate). 
Thermal Parameter   C. caespitosa     E. singularis   
response estimate C.1 C.2 C.3 C.4 C.5 E.1 E.2 E.3 E.4 E.5 
Pnet rate Pfmax 0.86 ± 0.11 0.64 ± 0.04 0.79 ± 0.04 0.83 ± 0.03 0.80 ± 0.09 0.30 ± 0.01 0.33 ± 0.02 0.30 ± 0.02 0.40 ± 0.02 0.33 ± 0.02 
 Topt (⁰C) 11.5 ± 5.7 15.6 ± 1.6 14.7 ± 3.0 17.5 ± 0.8 15.7 ± 2.3  15.2 ± 0.5 15.9 ± 0.4 15.5 ± 0.9 15.6 ± 0.4 14.2 ± 0.9 
 Tbr (⁰C) 20.6 ± 10.6 16.2 ± 5.8 23.6 ± 11.4 18.4 ± 4.6 12.8 ± 5.0 10.8 ± 1.4 9.8 ± 1.0 12.0 ± 2.6 9.0 ± 1.0 11.2 ± 2.0 
rETRm Pfmax  44.85 ± 3.92 48.33 ± 2.56 41.22 ± 1.52 49.96 ± 7.81 39.95 ± 2.08 34.03 ± 1.19 33.21 ± 1.21 34.34 ± 5.71 30.68 ± 0.94 28.18 ± 1.41 
 Topt (⁰C) 11.3 ± 6.9 16.0 ± 1.0 18.9 ± 2.8 9.7 ± 10.7 13.9 ± 4.2 15.6 ± 1.2 16.3 ± 1.5 9.0 ± 14.5 15.9 ± 0.9 12.6 ± 4.6 
 Tbr (⁰C) 28.8 ± 16.4 15.8 ± 4.0 31.6 ± 20.6 30.4 ± 21.2 25.0 ± 14.2 19.6 ± 5.0 24.6 ± 9.6 36.2 ± 31.6 19.6 ± 4.4 27.8 ± 13.0 
            
            
Thermal  Regression   C. caespitosa     E. singularis   
response coefficient C.1 C.2 C.3 C.4 C.5 E.1 E.2 E.3 E.4 E.5 
R rate Intercept  -0.15 ± 0.06 -0.15 ± 0.07 -0.20 ± 0.10 -0.30 ± 0.07 -0.28 ± 0.09 -0.19 ± 0.04 -0.25 ± 0.04 -0.16 ± 0.06 -0.02 ± 0.05 -0.18 ± 0.05 
 Slope  0.032 ± 0.003 0.030 ± 0.004 0.036 ± 0.005 0.040 ± 0.004 0.040 ± 0.005 0.025 ± 0.002 0.030 ± 0.002 0.024 ± 0.004 0.020 ± 0.003 0.027 ± 0.003 
FvFm Intercept  0.34 ± 0.05 0.34 ± 0.03 0.25 ± 0.04 0.27 ± 0.04 0.23 ± 0.03 0.60 ± 0.03 0.66 ± 0.03 0.60 ± 0.03 0.63 ± 0.02 0.63 ± 0.03 
 Slope   0.000 ± 0.003 0.001 ± 0.002 0.003 ± 0.002 0.003 ± 0.002 0.005 ± 0.002 0.000 ± 0.002 -0.002 ± 0.001 0.001 ± 0.002  0.001 ± 0.001 0.001 ± 0.001 
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Table D.5 Results ANOVA and Tukey post-hoc tests to detect variability in the chlorophyll 
concentration between the treatments (chilled, heated or ambient) and species (C. caespitosa, E. 
singularis, A. intermedia and P. cylindrica). 
Variable df F-value p-value  
Treatment 2, 97 2.6501 0.076  
Species 3, 97 58.092 0.000  
     
     
Tukey  
post-hoc C. caespitosa E. singularis A. intermedia P. cylindrica 
C. caespitosa -    
E. singularis 0.000 -   
A. intermedia 0.981 0.000 -  






Figure D.1 Mean (with s.d.) net photosynthesis rates per symbiont for the temperate corals 
Cladocora caespitosa and Eunicella singularis at the end of the experiment after exposure to the 
decreased and increased temperature gradient (respectively, chill and heat, N = 10), and at the 
start of the experiment when measured at ambient (amb) temperature (18 °C; N = 5).  
 
 
Figure D.2 Stylised presentation of the thermal responses of Cladocora caespitosa, Eunicella 
singularis, Acropora intermedia and Porites cylindrica to visualize the change in the position and 
shape of the regressions among species. Thermal responses displayed are net photosynthesis rate 
(a), respiration rate (b), maximum quantum yield (c) and maximum electron transport rate (d).  
